JID-A184  822  FUNDAMENTAL  STUDIES  IN  THE  OM-CVD  GROWTH  OF  GA-IN-AS-SB  1, 
(U)  NORTH  CAROLINA  STATE  UNIV  AT  RALEIGH  DEPT  OF 
ELECTRICAL  AND  C  S  M  BEDAIR  ET  AL  MAV  87 
UNCLASSIFIED  ARO-19788  10-MS  DAAG29-83-K-0U8  F/G  11/3  NL 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  SIANDARP*;  I96<-» 


V 


UNCLASSIFIED 

PURITY  CLASSIFICATION  Ot  THIS 


la  REPORT  SEC 


REPORT  DOCUMENTATION  PAGE 

i  lb.  RESTRICTIVE  MARKINGS 


9 


AD- A 184  822 


3  distribution  /  availability  op  report 


Approved  for  public  release; 
distribution  unlimited. 


5  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 

ARO  19788. 10-MS 


6a.  NAME  OF  PERFORMING  ORGANIZATION 
Elec.  &  Comp.  Engr.  Dept. 

N.  C.  State  University 

6b.  OFFICE  SYMBOL 
(If  applicable) 

6c  AOORESS  (City.  State,  and  ZIP  Code) 

Box  7911 

Raleigh,  North  Carolina  27695 

-7911 

3a.  NAME  OF  FUNDING  /SPONSORING 
ORGANIZATION 

U.  S.  Army  Research  Office 

8b.  OFFICE  SYMBOL 
(If  applicable) 

8c  AOORESS  (City,  State,  and  ZIP  Code) 

P.  0.  Box  12211 

Research  Triangle  Park,  NC 

27709-2211 

7a.  NAME  OP  MONITORING  ORGANIZATION 


U.  S.  Army  Research  Office 

7b.  ADDRESS  (G'ty,  Stare,  and  ZIP  Code) 

P.  0.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

DAAG29-83-K-0118 

10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 


PROJECT 

TASK 

NO 

NO. 

WORK  UNIT 
ACCESSION  N 


1 1 .  TITLE  ( Induct e  Security  Classification) 

Fundamental  Studies  of  the  OM-CVD  Growth  of  Ga-In-As-Sb 


12  PERSONAL  AUTHOR(S) 


S.  M.  Bedair  and  J.  R.  Hauser 


13a.  TYPE  OF  REPORT 

Final 

16  SUPPLEMENTARY  NOTATION 


13b.  TIME  COVEREO 
FROM  q/  1  /SR  TO; 


14.  OA re  OF  REPORT  (Year.  Month.  Day)  15.  PAGE  COUNT 

Mav  1987 _ 9-F 


The  view,  opinions  and/or  findings  contained  in  this  report  are  those 
of  the  author (5) .and  should  not  be . construed  as,  an  official  Department  of  the  Army  positiot 

-nnlirv.  or.rferismn.  iinTe^  cn  gna  Ky  nfhai-  - 

17 _  COSATI  COOES _ 18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

FIELO  I  GROUP  I  SUB-GROUP 


I  ABSTRACT  ( Continue  on  reverse  if  necessary  and  identify  by  block  number) 

We  have  studied  the  fundamental  OM-CVD  growth  processes.  Several  ternary  and  quaternary 
alloys  have  been  synthesized  and  their  structural,  optical  and  electrical  properties 
were  studied.  We  have  developed  Atomic  Layer  Epitaxy  to  control  the  deposition  process 
to  the  atomic  level.  Strained  layer  superlattices  have  been  used  as  buffer  layers  to 
reduce  defects  originating  from  GaAs  substrates.  ,  .. 


DTE. 

^electei 

SEP  1  5  1987 ' 

'  CJb 


20  OISTRI8UTION/ AVAILABILITY  OF  ABSTRACT 
C3  UNCLASSIFIED/UNLIMITED  □  SAME  AS  RPT 
22a  NAME  OF  RESPONSIBLE  INDIVIDUAL 


□  OTIC  USERS 


21.  ABSTRACT  SECURITY  CLASSIFICATION 

_ Unclassified _ 

22b.  TELEPHONE  (Include  Area  Code)  I  22c.  OFFICE  SYMBOL 


DO  FORM  1473, 34  mar 


33  APR  edition  may  b«  used  until  exhausted. 
All  other  editions  are  obsolete 


SECURITY  CLASSIFICATION  OF  THIS  P AGE 

UNCLASSIFIED 


/  ?  7  ??  /O  -/»s 


FUNDAMENTAL  STUDIES  IN  THE  OM-CVD 
GROWTH  OF  Ga-In-Aa-Sb 


Final  Report 


S.  M.  Bedair  and  J.  R.  Hauser 


May  1987 


U.S.  Army  Research  Office 


DAAG29-83-K-0118 


Electrical  and  Computer  Engineering  Department 
North  Carolina  State  University 
Raleigh,  North  Carolina  27695-7911 


8?  9 


3  026 


Several  research  activities  were  conducted  during  the  last  three  years.  They  are 
mainly  along  the  following  directions. 

A)  GROWTH  AND  CHARACTERIZATION  OF  InAsSb  FOR.  LONG  WAVELENGTH 
DETECTORS 

1)  OM-CVD  Growth  of  InAsSb 

OM-CVD  growth  of  InSb  and  InAsj_xSbx  has  been  obtained  using  triethylindium 
(TEI),  trimethylantimony  (TMS)  and  arsine  (AsH3)  on  (100)GaAs,  (100)InSb  and  (lll)-B 
InSb  substrates.  InSb  with  excellent  morphology  was  achieved  on  both  (100)InSb  and 
(lll)-B  substrates.  The  measured  electron  mobility  at  300°K  of  undoped  InSb  grown  on 
(100)GaAs  semi-insulating  substrates  was  40,000  cm2/V— sec  at  a  carrier  concentration  of 
2.0  x  1018  cm-3.  InAs1_xSbx  (0.0  <  x  ^  0.75)  with  mirror-like  surfaces  have  been  grown 
on  InSb  and  InAs  substrates.  This  may  be  the  first  successful  epitaxial  growth  of  high 
quality  layers  of  this  ternary  in  the  composition  range  0.5  <  x  s  0.7,  having  the  lowest 
bandgap,  Eg  —  0.1  eV  that  can  be  achieved  in  the  III-V  compounds.  Solid  composition 
variations  as  a  function  of  growth  temperature  and  InSb  substrate  orientation  have  also 
been  studies. 


2)  Fabrication  of  Infrared  Detectors  ia  III-V  Compounds  That  Can  Cover  Part  of  the 
8-12  urn  Spectral 

P-n  junctions  have  been  fabricated  in  InSb  and  InAs^Sb,  (0.4  <  x  <  0.7)  using 
OM-CVD.  These  junctions  showed  soft  breakdown  in  addition  to  forward  characteristics 
with  a  diode  factor  greater  than  2.  The  ternary  alloy  has  a  cutoff  wavelength  in  the  9-11 
p.m  range,  thus  providing  a  potential  material  system  for  detectors  covering  part  of  the 
8-12  p.m  range. 


3)  Growth  of  Epitaxial  Lavers  Based  on  In-As-Sb-Bi  Material  System  for  Infrared 
Detectors 

InBi  is  a  semimetal,  thus,  one  approach  to  reduce  the  bandgap  of  InSb  or  InAsSb  is 
to  add  Bi,  to  form  InSbBi  and  InAsSbBi  ternary  and  quaternary  compounds,  respectively. 
InAs0.4Sb0  8  detectors  built  in  our  laboratory  have  a  cutoff  wavelength  of  about  11  p.m. 
This  cut-off  wavelength  can  be  extended  to  longer  wavelength  by  adding  Bi  to  cover  the 
8-14  pan  spectral  range.  This  material  system  may  offer  a  real  alternative  to  HgCdTe. 
The  problem  of  the  Bi  compound  is  its  limited  solid  solubility,  2.2%  in  InSb,  and  maybe 
even  lower  in  InAsSb.  We  have  grown  films  of  InAsBi,  InSbBi  and  InAsSbBi  by  OM-CVD 
on  InSb  and  GaAs  substrates  and  we  are  in  the  process  of  characterizing  these  films  by 
optical  and  electrical  techniques. 


4)  Growth  of  InAst  ..nSbK  (0  <  x  <  1)  and  InSb-InAsSb  Superlattices  by  Molecular 
Beam  Epitaxy 

Thin  films  of  InAs^xSb*  (0  <  x  <  1)  have  been  deposited  on  GaAs  and  InSb  sub¬ 
strates  in  the  temperature  range  300-400°C  using  molecular  beam  epitaxy.  The  solid 
composition  was  found  to  be  quite  sensitive  to  the  Sb  flux  and  less  sensitive  to  the  As  flux. 
InSb-InAsSb  superlattice  structures  have  also  been  grown  and  studied.  Both  the  ternary 
alloy  and  the  super  lattice  structures  can  be  potential  material  systems  for  detectors  cover¬ 
ing  the  8-12  p.  range. 


B)  STRAINED  LAYER  SUPERLATTICES 

1)  Defects  Reduction  in  Epitaxial  Growth  Using  Superlattice  Buffer  Lavers 

GaAsP-InGaAs  strained-layer  superlattices  grown  lattice-matched  to  GaAs  have 
been  used  to  reduce  the  density  of  threading  dislocations  originating  from  the  GaAs  sub¬ 
strate.  GaAs  epitaxial  layers  grown  on  the  GaAsP-InGaAs  superlattice  buffer  layers 
showed  a  dislocation  density  lower  by  at  least  an  order  of  magnitude  than  that  obtained 
from  epitaxial  layers  grown  directly  on  GaAs  substrates.  Transmission  electron  micros¬ 
copy  showed  that  dislocations  originating  from  the  GaAs  substrate  do  not  penetrate  the 
GaAsP-InGaAs  superlattice  layers.  We  expect  that  such  results  will  have  a  great  impact 
on  GaAs  IC  technology. 


2)  GaAsP-GalnAsSb  Strained  Layered  Superlattices 

OM-CVD  has  been  used  to  grow  GaAs^Pj  — Ga!_xInxAs,  GaAs^Pj  —  GaAsj.ySby. 
and  GaAs^Pj  —  Ga^jI^As^ySby  superlattices  in  the  composition  range  0  ^  x  <  0.25, 
0  S  y  <  0.3  and  0  ^  z  ^  0.5.  Growth  parameters  for  the  synthesis  of  these  new  struc¬ 
tures  have  been  determined.  SL  structures  are  characterized  by  x-ray  diffraction,  photo¬ 
luminescence  and  electron  microprobe.  Light-emitting  diodes  (LED’s),  based  on  this 
superlattices  have  been  fabricated.  This  new  structure  can  be  grown  lattice  matched  to 
GaAs  substrates  and  thus  has  potential  applications  in  several  electronic  devices  such  as 
HEMTs,  LEDs  and  high  speed  detectors. 


C)  ATOMIC  LAYER .EEITAXy 

1)  Atomic  Laver  Epitaxy  of  III-V  Binary  Compounds 

Atomic  Layer  Epitaxy  (ALE)  of  III-V  semiconductors  has  been  reported  for  the  first 
time  using  metalorganic  and  hydride  sources.  This  is  achieved  b>  using  a  new  growth 
chamber  and  susceptor  design  which  incorporates  a  shuttering  mechanism  to  allow 


successive  exposure  to  streams  of  gases  from  the  two  sources.  Also,  most  of  the  gaseous 
boundary  layer  is  sheared  off  after  exposure  to  the  gas  streams.  GaAs  and  AlAs  deposited 
by  ALE  are  single  crystal  and  show  good  optical  properties. 


2)  Self-Limiting  Mechanism  in  the  Atomic  Laver  Epitaxy  of  GaAs 

A  self-limiting  mechanism  has  been  observed  in  the  ALE  of  GaAs  deposited  by  alter¬ 
nate  exposure  to  AsH3  and  TMG.  The  thickness  of  the  deposited  film  was  found  to  be 
independent  of  the  mole  fraction  of  TMG  in  the  gas  phase.  This  has  only  been  observed 
in  the  near  absence  of  the  thermal  boundary  layer  and  thus  for  a  short  exposure  time  to 
the  TMG  flux.  A  possible  explanation  is  that  the  condensation  coefficient  of  TMG  can 
have  a  large  value  on  the  GaAs  surface  and  a  very  small  value  when  the  surface  is  covered 
by  Ga  atoms. 


3)  Growth  and  Characterization  of  Compound  Semiconductors  by  Atomic  Laver 

Epitaxy 

The  growth  of  GaAs,  InAs  and  InxGaj_xAs  (0  <  x  <  .43)  by  atomic  layer  epitaxy 
(ALE)  has  been  achieved.  The  growth  rate  by  ALE  is  found  to  be  independent  of  the 
column  III  flux.  .ALE  GaAs,  grown  between  450  and  630°C  has  been  characterized  by 
photoluminescence  and  Hall  measurements.  Initial  results  indicate  that  ALE  gives 
improved  incorporation  and  uniformity  in  the  growth  of  InGaAs  compared  to  conven¬ 
tional  MOCVD  and  can  be  a  suitable  technique  for  growing  ternary  and  quaternary  layers 
over  large  areas. 


D)  MOLECULAR  STREAM  EPITAXY  OF  III-V  COMPOUNDS 

Molecular  Stream  Epitaxy  is  a  new  technique  for  the  synthesis  of  III-V  compounds. 
In  this  technique,  two  separate  molecular  streams  are  used,  one  containing  column  III  ele¬ 
ments  and  the  other  containing  column  V  elements.  A  shutter  is  used  to  allow  sequential 
exposure  to  the  gas  streams.  We  have  applied  this  method  to  the  growth  of  GaAs  by 
MOCVD.  This  approach  can  allow  (1)  separation  of  the  hydrides  and  metalorganics  to 
prevent  gas-phase  reactions,  (2)  better  control  of  layer  thickness  and,  (3)  more  abrupt 
interfaces  between  layers.  We  have  used  this  technique  to  grow  GaAsP-InGaAs  SLS  with 
layers  8  A  thick  and  interface  abruptness  at  least  as  good  as  those  obtained  from  gas 
source  MBE. 


E)  NEW  LATERALLY  SELECTIVE  GROWTH  TECHNIQUE  BY  METALQRCANIC 
CHEMICAL  VAPOR  DEPOSITION 

Laterally  selective  growth  of  III-V  compounds  has  been  successfully  demonstrated  by 
metalorganic  chemical  vapor  deposition.  This  was  achieved  by  suing  a  specially  designed 
growth  chamber  and  susceptor  that  allows  the  substrate  to  move  with  respect  to  a  sta¬ 
tionary  GaAs  or  Si  mask.  We  have  used  this  technique  to  selectively  deposit  GaAsj_xPx 
with  different  values  of  x  and  a  GaAs  -  GaAsP  superlattice  on  a  single  GaAs  substrate. 
We  have  also  selectively  grown  multiple  color  light-emitting  diodes  on  a  GaAs  substrate. 
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GaAsP-InGaAs  strained- layer  superlattices  grown  lattice  matched  to  GaAs  have  been  used  to 
reduce  the  density  of  threading  dislocations  originating  from  the  GaAs  substrate.  GaAs  epitaxial 
layers  grown  on  the  GaAsP-InGaAs  superlattice  buffer  layers  showed  a  dislocation  density  lower 
by  at  least  an  order  of  magnitude  than  that  obtained  from  epitaxial  layers  grown  directly  on  GaAs 
substrates.  Transmission  electron  microscopy  showed  that  dislocations  originating  from  the 
GaAs  substrate  do  not  penetrate  the  GaAsP-InGaAs  superlattice  layers. 


The  recent  advances  in  GaAs  device  and  integrated  cir¬ 
cuit  technology  have  stimulated  the  need  for  high  quality, 
uniform  substrates.  These  are  necessary  to  achieve  uniform 
circuit  parameters  and  respectable  yields.  However,  com¬ 
pound  semiconductor  substrates  typically  have  several  types 
of  defects,  such  as  dislocations,  which  can  degrade  the  oper¬ 
ation  of  devices  and  circuits.  Typical  substrates  have  disloca¬ 
tion  densities  on  the  order  of  104  cm-2  and  greater.  Addi¬ 
tionally  the  dislocation  density  is  not  uniform  across  the 
wafer;  for  example,  dislocations  in  liquid  encapsulated 
Czochralski  (LEC)  wafers  usually  have  a  W-shaped  distribu¬ 
tion,  with  larger  densities  at  the  edge  and  center  of  the  wa¬ 
fer.  1  These  dislocations,  as  evidenced  by  etch  pits,  x-ray  to¬ 
pography,  and  transmission  electron  microscopy  (TEM) 
have  been  correlated  to  material  parameters  such  as  photo¬ 
luminescence  intensity,2,5  sheet  carrier  concentration,  and 
sheet  resistance4,5  as  well  as  device  parameters  including 
leakage6  and  drain-source1  currents,  and  threshold  vol¬ 
tage.7'10  Sheet  carrier  concentration  directly  tracks  the  dis¬ 
location  density  while  the  sheet  resistance  is  inversely  pro¬ 
portional  to  it.4  Metal-semiconductor  field-effect  transistor 
arrays  across  2-in.  LEC  wafers  show  threshold  voltage  varia¬ 
tions  of  about  400  mV  [for  F(tl  (mean)  =  +  0.126  V]  with 
becoming  more  negative  as  the  dislocation  density  in¬ 
creases.7  LEC  wafers  typically  have  dislocation  networks 
which  result  in  large  variations  in  device  parameters  while 
horizontal  Bridgman  (HB)  wafers  usually  have  more  uni¬ 
form  dislocation  densities. 1 1  Defect  density  variations  across 
the  boule  can  be  another  source  of  problems  for  GaAs  tech¬ 
nology.  Thus,  it  is  evident  that  the  quality  of  the  GaAs  must 
be  improved  to  have  a  viable  integrated  circuit  process. 

One  possible  method  for  reducing  defects  is  to  improve 
the  bulk  growth  of  GaAs.  There  have  recently  been  reports1 2 
of  HB,  silicon-doped  GaAs  substrates  with  less  than  200 
dislocations  cm":.  This  low  density  has  not  yet  been  realized 
in  LEC  or  Cr-doped  material,  which  is  required  for  GaAs 
integrated  circuits.  The  approach  we  have  investigated  is  to 
provide  a  low  defect  density  epitaxial  layer  using  a  strained- 
layer  superlattice.  This  was  first  proposesd  by  Matthews  and 
Blakeslee15,14  who  used  the  strain  field  in  a  GaAsP-GaAs 
superlattice  to  turn  aside  dislocations  propagating  up  from 
the  substrate.  A  superlattice  is  constructed  of  layers  with 
different  lattice  constants  such  that  layers  are  alternately 
under  compression  and  tension.  The  layers  are  thinner  than 


a  maximum  thickness  such  that  the  strain  is  accommodated 
elastically,  but  greater  than  a  minimum  thickness  required 
for  “bending  over"  the  dislocations. 15-15  The  dislocations 
propagating  up  from  the  substrate  encounter  the  strain  field 
and  are  bent  over  and  forced  to  move  laterally  towards  the 
edge  of  the  substrate.  Note  that  the  materials  must  have 
enough  lattice  mismatch  to  generate  the  required  strain.  The 
problem  that  arises  with  strained-superlattice  structures 
such  as  GaAs-InGaAs  and  GaAs-GaAsP  is  that  they  are 
not,  as  a  whole,  lattice  matched  to  the  GaAs  substrate  or 
epitaxial  layer.  Thus  more  dislocations  are  produced  at  these 
interfaces.  What  is  needed  is  a  superlattice  composed  of  two 
materials  having  equal  but  opposite  lattice  mismatches,  such 
that  the  average  lattice  constant  matches  that  of  GaAs.  We 
have  proposed  a  materials  system,  GaAs,  ..  XP,- 
In^Ga,  _y  As,  which  is  lattice  matched  to  GaAs  when 
x  =  2y. 16  Additional  potential  material  systems  are  GaAsP- 
GaAsSb,  GaAsP-InGaAsSb,17  and  Ga^  „  x  In^,.,,,  _  *  P- 
Gao  32  _  *  Ino  4g  +  ,  P.  This  allows  a  high  quality  GaAs  layer 
to  be  grown  lattice  matched  on  top  of  the  superlattice  buffer 
(SLB)  layer.  There  is  also  some  evidence  that  a  strained  su¬ 
perlattice  may  act  as  a  gettering  site  for  impurities  out  diffus¬ 
ing  from  the  substrate.1  *• 19 

Ten  period  SLB’s  were  grown  by  metalorganic  chemi¬ 
cal  vapor  deposition  at  atmospheric  pressure  in  a  vertical 
reactor.  Gallium  was  supplied  from  a  trimethylgallium 
bubbler  (0  *C)  at  a  flow  rate  of  5  seem.  Indium  was  supplied 
from  a  triethylindium  bubbler  (20  *C)  at  a  flow  rate  of  200 
seem.  AsH,  and  PH,  (both  5%  in  H:),  at  flow  rates  of  40  and 
60  seem  respectively,  were  used  as  the  As  and  P  sources. 
Palladium  diffused  H:  flowing  at  a  rate  of  4  /  /m  served  as  the 
carrier  gas.  The  growth  temperature  was  630  °C.  Four  differ¬ 
ent  substrates  were  used;  two  silicon  doped,  one  Cr-doped, 
and  one  LEC  (semi-insulating).  All  substrates  were  (100), 
oriented  2*  towards  (110).  Details  of  the  calibration  proce¬ 
dure  to  produce  the  SLB  lattice  matched  to  GaAs  have  been 
previously  reported.16  For  these  experiments  x(%  P)~  17% 
and  yi%  Inl  —  8%.  X-ray  diffraction  showed  that  the  mis¬ 
match  between  the  SLB  and  the  GaAs  substrate  is  less  than 
0  1%.  The  thickness  of  each  layer  is  between  100-180  A;  the 
minimum  and  maximum  thicknesses  mentioned  above  are 
calculated  ifor  GaAs0  P0  ,7 -In00#  Ga^,  Asl  to  be  on  the 
order  of  100  and  300  A.  respectively.  GaAs  epitaxial  layers 
were  then  simultaneously  grown  on  the  SLB  and  directly  on 
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TABLE  I.  Results  of  etch  pit  density  measurements. 


Run 

Substrate  - 

Etc! 

h  pit  density  icm 

Substrate 

GaAs  epilayer  G 

SLB  plus 
uAs  epilayer 

A 

Cr 

1-2  -  I04 

1-S  ■  to* 

50 

B 

Si 

-  !04 

-  1  O' 

30 

C 

Si 

-o  v  10* 

-  !0‘ 

400 

D 

SI  LEC 

1-3  v  !04 

-4  ..  10- 

-0 

E 

Si 

-Ox  10' 

-2  v  10* 

180 

GaAs  substrates  for  etch  pit  density  (EPDl  comparison.  All 
the  GaAs  epitaxial  layers  were  about  2  /tm  thick  and  they 
had  mirrorlike  surfaces  with  no  cross  hatching.  This  indi¬ 
cates  the  good  lattice  match  between  the  SLB  and  GaAs. 

Molten  KOH  at  330  °C  was  uspd  to  delineate  the  dislo¬ 
cations.  Table  I  shows  the  etch  pit  density  of  the  substrates, 
the  GaAs  epitaxial  layers  directly  on  the  substrates,  and  the 
GaAs  epitaxial  layers  on  the  10  period  SLB  layers.  The  etch 
pit  densities  of  the  epitaxial  samples  were  taken  over  an  area 
about  0.5  cm  square.  In  addition  to  the  five  sets  of  samples  in 
Table  I,  EPD  measurements  were  also  made  on  five  other 
samples.  These  had  10-35  superlattice  periods  and  GaAs 
epitaxial  layers  2-4  ^im  thick.  The  EPD’s  on  these  samples 
varied  from  200  to  500  cm  ~ :.  While  EPD  measurements  are 
statistical  in  nature,  and  somewhat  variable  across  a  sample, 
we  have  consistently  seen  EPD’s  in  epitaxial  layers  directly 
on  GaAs  substrates  in  the  thousands  per  square  cm  range, 
while  the  SLB  reduces  the  EPD  to  the  hundreds  per  square 
cm  range.  It  should  be  noted  that  this  type  of  approach  can 
only  reduce  dislocations  threading  up  from  the  substrate. 
Dislocations  produced  by  vacancies,  interstitials,  etc.  within 
the  epitaxial  layer  may  still  be  present. 

Transmission  electron  microscopy  ITEM)  was  also 
done  on  several  of  the  epitaxial  layers  on  a  SLB.  The  TEM 
samples  were  prepared  by  lapping  and  ion  milling  two  pieces 
bonded  together  face  to  face.  They  are  viewed  in  cross  sec¬ 
tion,  with  the  electron  beam  parallel  to  the  ( 1 10)  zone  axis. 
Figure  Hal  shows  a  TEM  cross  section  for  a  10-period 
GaAsP-InGaAs  SLB  indicating  the  uniform  thickness  of  the 
two  ternary  alloys.  The  period  of  the  superlattice  in  Fig.  Hal 
is  about  230  A.  Figure  llbi  shows  a  threading  dislocation 
which  started  in  the  GaAs  substrate  and  does  not  penetrate 
the  SLB.  The  SLB  is  delineated  by  the  arrows.  The  diffrac¬ 
tion  conditions  for  these  micrographs  are  not  optimized  for 
the  simultaneous  observation  of  the  SLB  layers  and  the  dis¬ 
location  lines.  Additionally,  the  low  dislocation  density 
makes  it  quite  difficult  to  find  a  dislocation  using  TEM. 
These  micrographs  are  the  results  from  several  trials.  Figure 
llci  shows  another  TEM  cross  section  in  which  a  threading 
dislocation  does  not  penetrate  the  SLB.  These  TEM  micro¬ 
graphs  are  another  demonstration  that  threading  disloca¬ 
tions  which  start  in  the  substrate  may  not  penetrate  the  SLB. 
It  is  not  clear  at  this  stage  how  many  periods  are  required  to 
eliminate  these  threading  dislocations. 

In  conclusion,  strained  superlattice  buffer  layers  have 
been  grown  with  an  average  lattice  constant  equal  to  that  of 
GaAs.  as  shown  by  the  x-ray  diffraction  data.  Epitaxial 
GaAs  layers  grown  on  these  SLB’s  show  significantly 
smaller  dislocation  densities  than  simultaneously  grown  lav- 


(cl 


FIG.  1  .la)  TEM  micrograph  of  GalnAs-GaAsP  superlattice.  bi  TEM  mi¬ 
crograph  showing  a  threading  dislocation  which  Joes  not  penetrate  the 
SLB.  The  substrate  is  on  the  left  side  of  the  SLB  ci  TEM  micrograph  show¬ 
ing  a  threading  dislocation  which  does  not  penetrate  the  SLB.  The  substrate 
is  on  the  right  side  of  the  SLB 

ers  directly  on  GaAs  substrates.  TEM  studies  show  that 
threading  dislocations  which  start  in  the  GaAs  substrate  do 
not  penetrate  the  SLB  layer.  It  is  expected  that  devices  and 
circuits  fabricated  in  epitaxial  layers  on  top  of  SLB’s  will 
exhibit  less  variation  in  electrical  parameters  than  those  fab¬ 
ricated  directly  on  a  GaAs  substrate 
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p-n  junctions  have  been  fabricated  in  InSb  and  InAs,  ,  Sb,  (0.4  <  x  <  0.7)  using  metaiorganic 
chemical  vapor  deposition.  These  junctions  showed  soft  breakdown  in  addition  to  forward 
characteristics  with  a  diode  factor  greater  than  2.  The  ternary  alloy  has  a  cut-off  wavelength  in  the 
8-1  l-/j m  range,  thus  providing  a  potential  material  system  for  detectors  covering  the  8-12-/im 
range. 


InSb  and  InAs,  _,Sb,  (0.5  <x  <0.7)  are  attractive  se¬ 
miconductor  materials  for  detectors  covering  the  3-5  and  8- 
12-/4m  spectral  ranges,  respectively.  These  two  spectral 
ranges  cover  the  atmospheric  window  where  minimum  ab¬ 
sorption  is  present.  The  growth  of  InSb  epilayers  by  liquid 
phase  epitaxy  (LPE)1  and  molecular  beam  epitaxy  (MBE)2 
have  been  previously  reported.  However,  previous  efforts  by 
LPE,3  MBE,4  and  metaiorganic  chemical  vapor  deposition 
(MOCVD)3-6  to  grow  epitaxial  layers  of  InAs,  _,Sb, 
(0.5  <x  <0.7)  have  not  been  successful.  Epilayers  only  near 
the  binary  comers  have  been  reported.  Detectors  made  in 
these  composition  ranges  do  not  cover  the  8-12-/im  atmo¬ 
spheric  window;  thus,  HgCdTe  was  left  as  the  only  material 
system  that  could  cover  this  spectral  range.  We  report  here 
the  first  epitaxial  growth  on  InAs,  _  ,Sb,  (0.4  < x  <0.7)  us¬ 


ing  MOCVD,  with  particular  interest  in  the  composition 
x  3:0.6.  Detectors  fabricated  from  the  InAsg  ^Sbo*,  ternary 
alloy  have  a  cut-off  wavelength  >9  pm  at  a  temperature  >  77 
K.  We  also  report  p-n  junction  formation  in  InSb  and 
InAs,  _  ,  Sb,  (0.4  <  x  <  0.6)  using  the  MOCVD  technique. 

InAs,  _ ,  Sb,  epilayers  were  grown  using  triethylin- 
dium  (TEI),  trimethylantimony  (TMS),  and  AsH,  on  GaAs, 
InSb,  and  InAs  substrates,  and  the  detailed  growth  condi¬ 
tions  have  been  reported.7  The  as-grown  material  earner 
concentrations  are  in  the  range  of  10”  and  1016  cm  “ 1  for 
InSb  and  InAs,  _ ,  Sb,  respectively  at  77  K  as  deduced  from 
Hall  data  for  layers  grown  on  Cr-doped  GaAs.  X-ray  dif¬ 
fraction  was  used  to  obtain  the  InSb  solid  composition  in 
InAs,  _ ,  Sb, .  Optical  transmission  measurements  for 
InAs,  _  ,Sb,  epilayers  on  InAs  or  InSb  substrates  were  per- 
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Sample  17  1  -  84 

InA  t0#Sb04  p-n  junction 


FIG.  1 .  Absorption  coefficient  vs  photon  energy  for  the  In As„  ,,  Sb0  ,,  film 
on  a  1 1001  InAs  substrate.  R  is  the  reflection  coefficient. 

formed  by  using  a  double-beam  infrared  spectrophotometer 
(Perkin  Elmer  model  983).  The  absorption  coefficient  a  was 
obtained  from  the  expression 

y  _  ( 1  —  R  )2  exp(  -  at ) 

1  —  R  2  exp(  —  2 at ) ' 

where  f  is  the  thickness  (3.2  /am)  of  the  epilayer,  T  is  the 
transmission  coefficient,  and  R  is  the  reflection  coefficient. 
The  reflection  coefficient  R  is  not  available  for  this  alloy;  a 
value  of  R  —  0.3,  which  is  appropriate  for  pure  InAs,  was 
used  for  the  calculation  of  absorption  coefficients  for 
InAs,  _*Sb,  in  the  transmission  measurement.  In  addition, 
R  =  0.1  and  0.2  were  also  used  due  to  the  slightly  cloudy 
surface  which  may  have  degraded  the  reflectivity.  The  calcu¬ 
lated  absorption  coefficients  at  room  temperature  for 
InAso4aSb0  52  are  shown  in  Fig.  1  for  different  values  of  R. 
The  cut-off  wavelength  or  energy  gap  was  estimated  from 
the  absorption  curve  by  taking  the  wavelength  or  energy  at 
which  a  =  500  cm'1.  This  value  has  been  used  by  others2  in 
the  optical  transmission  measurement.  It  is  high  enough  so 
as  not  to  be  seriously  influenced  by  residual  absorption.  Cut¬ 
off  wavelength  is  obtained  in  the  range  8.67-1 1.27  fim,  de¬ 
pending  on  the  value  of  reflection  coefficient  R  used  as 
shown  in  this  figure.  The  cut-off  wavelength  for  bulk  grown 
InAso44Sb0  J2,  obtained  from  room-temperature  optical 
transmission  measurements,  is  about  1 1  /am."  This  value  is 
thus  consistent  with  A  (cut-off)  obtained  from  Fig.  1  with  R  in 
the  range  0. 1-0.2.  The  corresponding  A  (cut-off)  at  77  K  for 
InAs01,Sb0  52  is  estimated"  to  be  about  8.5  pm. 

InAs,  _  ,Sb,  p~ -n  junctions  were  formed  by  Zn  diffu¬ 
sion  into  the  undoped  n-type  epitaxial  layers.  To  prepare  foi 
Zn  diffusion,  an  InAs060Sb040  sample,  for  example,  with  a 
5-/am-thick  n-type  layer  was  grown  on  a  I  lOOHnSb  substrate 
by  MOCVD.  Elemental  Zn  1 1 .70  mg)  and  Sb  (49.79  mg)  were 
used  as  the  diffusion  sources.  The  InAs0f0Sb040  sample  and 
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FIG.  2.  Junction  depth  for  the  InAsojoSb,,*,  p~  -n  diode.  1-^m-thick  p 
layer  was  formed  by  Zn  diffusion  into  a  5-^m-thick  n- type  epilayer. 

the  diffusion  sources  were  loaded  into  an  8-cm3  quartz  am 
poule,  which  was  then  evacuated  to  2  x  !0-6  Torr.  The  di) 
fusion  was  carried  out  at  400  “C  for  4  h.  After  diffusion,  tl^ 
sample  was  cleaved  and  stained  in  AiB  solution  I A — 40 
H:0  +  0.3  g  AgNO,  +  40  ml  HF.  B — 40  g  CrO,  +■  40 
H;0)  diluted  in  water  for  a  few  seconds  to  delineate  the p  ~ 
junction.  The  measured  junction  depth  was  about  1  pm 
shown  in  Fig.  2. 

In/Ag  was  used  for  both p  *  and  /i-type  layers  for  ohm 
contacts.  This  was  done  by  evaporating  800  A  of  In.  follow* 
by  1 100  A  of  Ag,  and  subsequent  annealing  at  350  °C  for 
few  minutes.  Mesa  diodes  were  fabricated  using  standai 
photolithographic  techniques.  Diodes  were  25  X  25  mil2  d 
lineated  by  an  8:1  (lactic  acid:  HN03)  solution. 

InSb p-n  juncrions  were  obtained  either  by  Zn  diffuse 
in  a  sealed  ampoule  or  by  direct  growth  of  p  *  layers  in  tl 
MOCVD  reactor  using  diethylzinc  (DEZni  or  dimethylzii 
(DM Zn)  dopants.  Since  the  incorporation  of  Zn  in  ti 
MOCVD  process  is  high  for  low  growth  temperatures,  InS 
epilayers  with  a  hole  concentration  ir.  the  10,y  cm-3  rani 
were  obtained.  Due  to  this  limitation,  p~ -n  junctions  we 
fabricated  by  growing  a  =  3-/im- thick  n-type  layer  at  450 ' 
on  a  (100)  InSb  substrate,  followed  by  a  0.  l-/am-thick  Z 
doped  InSb,  p*  layer.  The  sample  was  then  annealed 
400  °C  under  H2  flow  for  20  min  in  the  MOCVD  react* 
The  metallurgical  junction  thickness  was  estimated  to  be 
the  neighborhood  of  0.3  /im  due  to  Zn  diffusion. 

Figures  3(a),  3(b),  and  3(c)  show  the  /-Fcharacteristi 
of  In As0  4S  Sb0  5j ,  InAs0  ^  Sb0  jo  ,  and  InSb  p  ~ -n  junctio 
with  area  of  about  4  X  10" '  cm2,  at  77  K.  Figure  4  shows  t 
log  I-V  characteristics  of  an  InAs060Sb040  p~-n  junctii 
with  reverse  impedance  on  the  order  of  103  fl  and  with 
rather  soft  breakdown  in  the  neighborhood  of  one  volt.  TJ 
forward  characteristic  shows  a  diode  factor  n>  3  over  tl 
entire  measurement  range.  The  forward  and  the  revet 
characteristics  are  affected  by  the  presence  of  recombinatii 
centers  in  the  depletion  region,  and  also  due  to  surface  lea 
age.  It  is  believed  that  recombination  centers  were  caused 
diffusion-induced  damages'1  and  by  lattice  defects  resultii 
from  lattice  mismatch  between  the  InAs,)60Sb04O  epilayj 
and  the  InSb  substrate. 

Figure  3(c)  shows  the  linear  I-V  characteristic  of 
InSb  p" -n  junction  with  a  breakdown  voltage  in  the  netd 
borhood  of  one  volt  and  a  relatively  high  diode  facq 
In  =  2.7).  The  forward  characteristic  is  also  determined 
generation  and  recombination  mechanisms  in  the  depletij 
region.  These  mechanisms  have  been  indicated  by  Sah"1 
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FIG.  3.  /-  V characteristics  at  77  K  of  la|  InASo  „  Sb0  „ ,  (b|  InASo  w  Sb0  (cl 
InSb  p'-n  diodes. 

be  an  important  effect  for  small  band-gap  materials  such  as 
InSb  at  low  temperatures.  It  is  also  believed  that  the  surface 
recombination  can  also  result  in  a  high  diode  factor,  espe¬ 
cially  for  the  shallow  junction.  The  reverse  characteristics 
will  be  controlled  by  generation-recombination  and  band-to- 
band  tunneling  mechanisms  at  small  and  large  bias,  respec¬ 
tively." 

Detailed  study  performed  ou  InSb  p^-n  junction  indi¬ 
cated  that  up  to  a  reverse  bias  voltage  of  one  volt,  the  /-  V 
characteristic  can  be  represented  by  the  recombination-gen¬ 
eration  current.  For  the  reverse  voltage  greater  than  one 
volt,  the  tunneling  current  was  dominant-.  This  study 
showed  good  agreement  between  the  present  experimental 
results  and  theoretical  calculations  and  will  be  available  else¬ 
where.  12  We  believed  that  the  same  trend  can  also  be  applied 
to  the  junctions  built  in  InAs,  _  x  Sb,  due  to  small  effective 
mass  and  band  gap"  for  this  ternary  compound. 
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FIG.  4.  Log  /-  V  characteristics  of  the  InAs^^Sb^^,  p~-n  diode  at  77  K. 

In  conclusion,  MOCVD  has  been  used  to  grow  epitaxial 
layers  of  InSb  and  InAs,  _  ,  Sb,  (0.4  <  x  <  0.7)  on  InSb  sub¬ 
strates  for  the  first  time,  p-n  junctions  have  been  fabricated 
in  both  the  binary  and  ternary  compounds.  Optical  trans¬ 
mission  measurements  showed  that  InAs,  _  ,Sb,  can  have  a 
cut-off  wavelength  in  the  8-1  l-/zm  spectral  range.  Detectors 
fabricated  from  these  junctions  can  cover  the  3-5-/zm  and 
part  of  the  8-12-^m  spectral  range.  Thus  InAsSb  can  be  a 
useful  alternative  to  the  CdHgTe  material  system. 

We  would  like  to  thank  Dr.  W.  D.  Laidig,  Dr.  G-  Lu- 
covsky.  Dr.  Steven  Jost,  and  Mr.  T.  Katsuyama  for  their 
assistance  in  this  work.  This  work  was  supported  by  NASA 
and  Army  Office  of  Research  grants. 
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(Received  20  March  1985;  accepted  for  publication  17  April  1985)  • 

Atomic  layer  epitaxy  (ALE)  of  III-V  semiconductors  is  reported  for  the  first  time  using 
metalorganic  and  hydride  sources.  This  is  achieved  by  using  a  new  growth  chamber  and  susceptor 
design  which  incorporates  a  shuttering  mechanism  to  allow  success;ve  exposure  to  streams  of 
gases  from  the  two  sources.  Also,  most  of  the  gaseous  boundary  layer  is  sheared  off  after  exposure 


to  the  gas  streams.  GaAs  and  AlAs  deposited  by  ALE 
properties. 

The  recent  interest  in  high  electron  mobility  transistors 
(HEMT’s),  superlattices,  and  quantum  well  structures  and 
devices  has  required  improvements  in  the  ability  to  produce 
thin  layers  and  abrupt  interfaces.  Both  molecular  beam  epi¬ 
taxy  (MBE)  and,  to  a  lesser  extent,  metalorganic  chemical 
vapor  deposition  (MOCVD)  have  made  impressive  advances 
in  this  respect  and  yet  both  are  limited  by  operating  in  a 
“bulk”  growth  regime.  The  ultimate  control  of  the  growth  of 
III-V  compounds  would  be  achieved  by  the  deposition  of  one 
monolayer  of  column  III  atoms  followed  by  a  monolayer  of 
column  V  atoms.  This  process  would  then  be  repeated  until 
the  desired  thickness  has  been  reached.  The  total  layer  thick¬ 
ness  could  be  controlled  very  accurately  since  each  cycle  of 
exposures  would  result  in  the  growth  of  a  known  thickness. 

The  interfaces,  in  principle,  would  be  atomically  abrupt 
since  the  reactant  fluxes  could  be  changed  within  one  atomic 


are  single  crystal  and  show  good  optical 


layer.  The  atomic  layer  epitaxy  (ALE)  of  III-V  compounds 
could  be  achieved  using  either  MBE  or  MOCVD.  In  the  case 
of  MBE,  the  shutters  are  assumed  to  allow  the  exposure  of 
the  substrate  to  either  column  III  or  V  beams  independently. 
In  the  case  of  MOCVD,  an  analogous  shuttering  mechanism 
would  be  used. 

We  report  for  the  first  time  the  successful  atomic  layer 
epitaxy  of  GaAs  and  AlAs  by  MOCVD.  This  technique  can 
also  be  used  to  investigate  the  MOCVD  growth  mechanism 
and  will  be  reported  on  at  a  later  date.  The  growth  chamber 
is  schematically  shown  in  Fig.  1.  For  the  growth  of  GaAs, 
AsH,  +  H:  and  trimethyigallium  (TMG)  +  H:  flow 
through  the  inlet  tubes  A  and  B,  respectively.  A  large  flow  of 
H;  in  the  middle  tube  (C )  is  designed  to  prevent  mixing  of  the 
gases  from  tubes  A  and  B.  The  rf  heated  susceptor  is  made  of 
graphite  coated  with  silicon  carbide,  and  consists  of  several 


Si 
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FIG.  1.  Schematic  diagram  of  the  growth  chamber  and  suaceptor  for  ALE. 
The  susceptor  consists  of  a  Axed  pan  F .  a  routing  part  R,  and  a  recess  in 
pan  R  which  holds  the  substrate.  Inlet  tubes  A  and  B  provide  the  reactant 
gases.  A  large  H,  flow  in  tube  C  helps  prevent  mixing  of  the  gases  from  tubes 
A  and  B. 

parts.  Fixed  part  F  has  two  windows  aligned  to  face  the  inlet 
tubes  A  and  B.  The  substrate  sits  in  a  recess  in  the  rotating 
part  R  and  can  be  positioned  under  the  windows  of  the  fixed 
part  F,  thus  facing  either  the  column  III  or  V  input  flux.  The 
position  of  the  substrate  is  controlled  through  a  rotating 
feedthrough  at  the  base  of  the  growth  chamber.  The  recess  in 
part  R  and  the  thickness  of  the  substrate  are  chosen  to  allow 
minimum  clearance  between  the  substrate  surface  and  the 
fixed  part  of  the  susceptor.  When  the  substrate  is  exposed  to 
the  stream  of  column  III  species  from  inlet  B,  a  boundary 
layer  will  build  up  on  the  substrate  surface.  When  the  sub¬ 
strate  is  rotated  away  from  this  position,  most  of  the  bound¬ 
ary  layer  will  be  sheared  off  by  the  fixed  part  F,  allowing  an 
almost  immediate  termination  of  exposure  of  the  substrate 
^  to  the  input  flux.  Additionally,  the  initial  substrate  exposure 
to  the  column  III  flux  will  take  place  almost  without  the 
presence  of  any  gaseous  boundary  layer  (made  up  of 
H2  +  AsH3  in  this  case).  The  above  arguments  can  also  be 
applied  when  the  substrate  is  moved  under  tube  A  and  ex¬ 
posed  to  AsH3.  Thus,  for  a  short  exposure  time,  it  is  possible 
that  the  adsorption  process  is  controlled  by  surface  kinetics 
rather  than  diffusion  of  the  reactant  species  through  a 
boundary  layer,  as  is  always  the  case  in  conventional 
MOCVD  growth.' 

This  technique  was  used  to  deposit  GaAs  and  AlAs.  In 
the  case  of  GaAs,  AsH3  (5%  in  H2)  4-  500  seem  of  H2  and 
trimethylgallium  (TMG)  +  500  seem  of  H2  flowed  through 
tubes  A  and  B,  respectively.  The  flow  of  H2  through  the 
TMG  bubbler  and  the  temperature  of  the  bubbler  were  set  to 
0.5  seem  and  —  15  *C  respectively  which  are  the  minimum 
values  available  in  our  system.  The  flow  of  AsH3  was  10 
seem.  Three  liters  per  minute  of  H2  flowed  through  the  cen¬ 
ter  tube  (C)  to  prevent  mixing.  The  substrate  temperature 
was  in  the  range  of  560-600  *C.  All  substrates  were  rc-type 
GaAs,  ( 100),  oriented  2“  towards  1 1 10).  The  growth  process 
starts  by  heating  the  substrate  under  AsH3  (tube  A)  for  a  few 
minutes.  The  substrate  is  then  exposed  to  the  TMG  (tube  B ) 
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FIG  2  Photolummescence  at  77  K  of  100  cycles  of  GaAs  grown  by  ALE 
sandwiched  between  layers  of  GaAs,, »,  P„  The  full  width  at  half-maxi¬ 
mum  is  1 1  meV 

for  1  s  and  then  moved  back  under  the  AsH,  for  5  s.  One 
complete  cycle  was  performed  in  about  10  s.  All  growths 
consisted  of  100  cycles.  The  exposure  time  to  AsH,  is  not 
critical  since  excess  As  atoms  will  evaporate  almost  immedi¬ 
ately.  The  sticking  probability  of  As  on  GaAs  covered  with 
Ga  is  very  close  to  unity.2  After  the  first  monolayer  of  As  ts 
adsorbed,  its  sticking  probability  reduces  to  almost  zero.  The 
growth  of  AlAs  was  carried  out  in  an  analogous  manner 
using  trimethylaluminum  (TMA)  at  9  °C  and  a  flow  of  H: 
through  the  bubbler  of  2.5  seem. 

The  ALE  samples  of  GaAs  were  characterized  by  pho¬ 
toluminescence  (PL)  at  77  K.  Two  types  of  samples  were 
grown.  One  consisted  of  100  cycles  of  GaAs  grown  by  ALE 
on  a  3-/im-thick  InGaAs-GaAsP  superlattice  grown  by  con¬ 
ventional  MOCVD.3  The  superlattice  is  lattice  matched  to 
GaAs  and  has  an  effective  band  gap  of  about  1.3  eV.  The 
second  type  of  sample  consisted  of  a  2-/4m-thick 
GaASo  97  P0  oj  layer,  100  cycles  of  GaAs  by  ALE.  and  a  300- 
500- A  GaASo, 7  P003  cap.  The  GaAs^  q7  P„  0,  layers  were 
grown  by  conventional  MOCVD.  This  was  achieved  by  add¬ 
ing  a  second  TMG  and  PH3  sources  to  line  A.  The  superlat¬ 
tice  and  the  thick  GaASo  97P003  layer  prevented  photolu¬ 
minescence  from  the  GaAs  substrate  from  interfering  with 
the  signal  from  the  ALE  GaAs  layer.  The  cap  layer  facilitat¬ 
ed  cross-sectional  thickness  measurements. 

Figure  2  shows  the  PL  spectra  of  the  latter  type  of  sam¬ 
ple  with  100  cycles  of  ALE  GaAs.  The  GaAs  peak  is  clearly 
evident  and  has  a  full  width  at  half-maximum  of  about  1 1 
meV  indicating  the  good  quality  of  the  GaAs  grown  by  ALE. 
The  small  peak  is  from  the  GaAs<j  »7  P0  03  layer.  The  former 
type  of  sample  also  showed  a  GaAs  peak.  The  AlAs  samples 
consisted  of  2  fim  of  GaAs,  1 00  cycles  of  AlAs,  and  a  1 000- A 
GaAs  cap.  The  GaAs  in  this  case  was  also  grown  by  conven¬ 
tional  MOCVD. 

Figure  3  shows  the  surface  of  a  GaAs  layer  grown  by 
ALE.  All  the  deposited  layers  had  mirrorlike  surfaces. 
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FIG.  3.  Photomicrograph  of  the  surface  of  100  cycles  of  GaAs  grown  bv 
ALE. 


Transmission  electron  microscope  ITEM)  samples  were  pre¬ 
pared  by  lapping  and  ion  milling  two  pieces  which  were 
bonded  together  face  to  face.  They  were  viewed  in  cross  sec¬ 
tion  with  the  electron  beam  parallel  to  the  (002)  zone  axis. 
Diffraction  studies  by  TEM  indicated  that  the  ALE  growths 
are  single  crystal.  The  GaAs  layer  is  about  800  A  thick  as 
measured  by  TEM.  Figure  4  shows  an  AlAs  sample  angle 
lapped  at  1/3*.  The  dark  line  is  the  AlAs  layer  grown  by 
ALE.  It  is  about  300  A  thick. 

The  difference  in  thicknesses  between  ALE  GaAs  and 
AlAs  is  a  result  of  the  flux  of  the  column  III  species.  Ideally, 
100  cycles,  each  depositing  one  monolayer  of  column  III  and 
one  monolayer  of  column  V  species,  would  produce  a  layer 
about  283  A  thick.  However,  the  minimum  fluxes  available 
were  system  limited  with  the  TMG  flux  several  times  larger 
than  theTMA  flux.  Additionally  the  minimum  reproducible 
exposure  time  was  one  second.  Thus  for  ALE  of  GaAs, 
about  two  to  three  monolayers  of  Ga  were  deposited  on  the 
surface,  whereas  in  the  case  of  AlAs  about  one  atomic  layer 
of  A1  was  deposited.  The  use  of  triethylgallium,  with  its  low¬ 
er  vapor  pressure,  should  allow  the  deposition  of  single  lay¬ 
ers  of  gallium.  The  deposition  of  more  than  one  monolayer  is 
not  present  in  the  ALE  of  II- VI  compounds4  due  to  the  very 
high  vapor  pressure  of  the  species. 

In  order  to  make  sure  that  conventional  MOCVD 
growth  was  not  occurring  from  any  mixing  of  gases  in  the 
growth  chamber,  the  following  experiment  was  carried  out. 
The  substrate  was  exposed  to  the  TMG  stream  for  3  min 
while  the  AsH3  and  center  H;  lines  were  flowing  as  described 
above.  The  deposited  film  had  a  dull  surface  and  could  be 
wiped  off  by  a  cotton  swab.  PL  on  this  layer  deposited  on  a 
superlattice  substrate  showed  only  a  very  weak  GaAs  peak. 
The  corresponding  experiment  with  a  superlattice  substrate 
exposed  only  to  AsH3  with  the  TMG  and  center  H;  lines 
flowing  showed  no  GaAs  PL  peak.  Thus,  the  amount  of  mix¬ 
ing  is  quite  small  and  is  not  expected  to  play  a  significant  role 
in  the  ALE  process. 

The  ALE  method  gives  more  insight  into  the  MOCVD 


FIG.  4.  Photomicrograph  of  100  cycles  of  AlAs  grown  by  ALE  sandwiched 
between  layers  of  GaAs,  and  angle  lapped  at  1/3* 

process.  Several  models  for  the  deposition  mechanism  have 
been  proposed.  For  example,  one  model  proposed  that  the  I 
metalorganic  molecule  and  the  hydride  adsorb  on  separate  J 
surface  sites,  followed  by  the  formation  of  intermediate  com¬ 
plexes  and  then  the  desorption  of  methane.5  Another  model 
showed  that  intermediate  complex  formation  takes  place  in 
the  gas  phase.6  It  was  also  proposed  that  complete  reaction 
in  the  gas  phase  takes  place  followed  by  the  successive  diffu¬ 
sion  of  small  GaAs  clusters  towards  the  surface.'  However, 
the  result  of  the  current  experiment  clearly  indicates  that 
MOCVD  can  also  take  place  through  independent  deposi¬ 
tion  of  Ga  and  As  species. 

In  conclusion,  ALE  of  GaAs  and  AlAs  has  been  dem¬ 
onstrated  by  MOCVD  for  the  first  time.  This  has  been  ac¬ 
complished  by  using  a  new  design  for  the  growth  chamber 
and  susceptor.  The  susceptor  incorporates  a  shuttering  ac¬ 
tion  which  allows  the  substrate  to  be  sequentially  exposed  to 
different  gas  streams  and  also  shears  off  most  of  the  bound¬ 
ary  layer  which  builds  up  during  exposure.  The  current  re¬ 
sults  also  indicate  that  the  growth  by  MOCVD  takes  place 
through  the  independent  deposition  of  both  Ga  and  As  spe¬ 
cies.  We  believe  that  atomic  layer  epitaxy  will  be  useful  for 
growing  structures  and  devices  requiring  very  well  con¬ 
trolled  thicknesses  and/or  very  abrupt  interfaces.  Addition¬ 
ally,  ALE  may  provide  a  vehicle  for  investigating  fundamen¬ 
tal  aspects  of  compound  semiconductor  growth. 

This  work  was  supported  by  Army  Office  of  Research 
and  Air  Force  Office  of  Scientific  Research. 
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beam  epitaxy 
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(Received  20  June  1985;  accepted  for  publication  26  September  1985) 

Thin  films  of  InAs,  _  ,  Sb,  (0  <  x  <  1 )  have  been  deposited  on  GaAs  and  InSb  substrates  in  the 
temperature  range  300-400  ‘C  using  molecular  beam  epitaxy.  The  solid  composition  was  found  to 
be  quite  sensitive  to  the  Sb  flux  and  less  sensitive  to  As  flux.  InSb-lnAsSb  superlattice  structures 
have  also  been  grown  and  studied.  Both  the  ternary  alloy  and  the  superlattice  structures  can  be 
potential  material  systems  for  detectors  covering  the  8-12-^  range. 

Recently  there  has  been  extensive  interest  for  detectors  the  8-12-^m  spectral  range.  InAso  4Sb0  6  has  the  lowest 

covering  the  8-12-^m  spectral  range  where  minimum  atmo-  band  gap  (E,  =  0.1  eV  at  room  temperature)  of  the  I1I-V 

spheric  absorption  is  present.  Although  the  HgCdTe  materi-  compound  semiconductors. 1  Thus  detectors  built  from  this 

al  system  plays  the  major  role  for  detectors  covering  this  alloy  can  have  a  cut-off  wavelength  Xc  of  about  12  and  9  ^m 

spectral  range,  InAs,  _ ,  Sb,  ternary  alloys  with  x~0.6  can  at  room  temperature  and  77  K,  respectively.  Previous  efforts 

offer  an  attractive  alternative  for  detectors  covering  part  of  to  grow  epitaxial  layers  of  InAs04Sb06  by  liquid  phase  epi- 
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taxy  (LPE)2  and  molecular  beam  epitaxy  (MBE|J  have  been 
only  marginally  successful.  Recently,  however,  InAsSb  has 
been  epitaxially  grown  using  metalorganic  chemical  vapor 
deposition  (MOCVD).43  In  addition,  the  fabrication  of  p-n 
junctions  in  this  ternary  alloy  has  been  reported.6  However, 
at  77  K,  further  reduction  in  the  band  gap  of  the  InASo  4  Sb0  6 
is  necessary  for  detectors  based  on  this  ternary  alloy  to  cover 
the  entire  8-l2-/*m  range.  This  can  be  achieved  using  the 
following  approach.  When  a  net  tensile  strain  is  applied  to 
InAso^Sbot  further  reduction  in  the  band  gap  can  be 
achieved.  Such  strain  can  be  achieved  when  a  thin 
InAs^  Sbo6  film  is  sandwiched  between  two  InSb  films. 
Thus,  an  InSb-InAs^Sbo*  multilayer  structure  or  a 
strained  layer  superlattice  (SLS)  can  result  in  necessary 
band-gap  reduction  to  allow  detectors  built  with  the  SLS 
structure  to  cover  the  8-12-/itn  range.  Calculations  predict¬ 
ing  band-gap  values  for  the  InAs,  _xSb,  -InASo  4Sb06 
(. x  >  0.6)  have  been  reported  by  Osbourn.7  We  describe  here 
the  epitaxial  growth  of  InAs,  _  *Sb,  in  the  composition 
range  0  <x  <  1  using  MBE.  We  also  report  our  initial  results 
on  the  synthesis  of  InSb- InAsSb  SLS.  MBE  can  be  a  quite 
suitable  technique  for  the  growth  of  the  ternary  and  the  SLS 
due  to  its  ability  for  thickness  control  and  deposition  at  rela¬ 
tively  low  temperature. 

The  epitaxial  growth  was  carried  out  in  a  Varian  360 
system  using  both  GaAs  and  InSb  substrates.  The  GaAs  and 
InSb  substrates  were  etched  prior  to  growth  in  7:1:1 
(H2S04:H202:H20)  and  8:1  (lactic:HN03),  respectively.  The 
source  materials  were  elemental  In,  Sb,  and  As.  Beam  equi¬ 
valent  pressures  (BEP)  were  measured  under  growth  condi¬ 
tions  by  interposing  an  ion  gauge  flux  monitor  to  intercept 
the  molecular  beam.  The  measured  BEP,  when  corrected  by 
the  background  pressure,  is  assumed  to  be  proportional  to 
the  In,  Sb4,  and  As4  fluxes  incident  on  the  substrate  surface. 
Predeposition  heating  of  both  InSb  and  GaAs  substrates  at 
450  *C  under  Sb4  overpressure  was  found  to  be  adequate. 


FIG.  1.  Crystal  composition  x  of  InAs,  _  ,Sb,  vs  Sb  BEP  at  a  substrate 
temperature  of  305  "C. 


FIG.  2.  Crystal  composition  x  of  InAs,  _  ,Sb,  as  a  function  of  As  beam 
equivalent  pressure  I  BEP)  at  a  substrate  temperature  of  305  "C. 


Deposition  was  carried  out  with  substrate  temperatures  in 
the  range  of  300-400  °C.  The  In  flux  was  adjusted  to  deposit 
about  0.6  fimAi.  X-ray  diffraction  was  used  to  identify  the 
deposition  of  InSb  on  GaAs  substrate  and  the  composition 
(x)  of  the  InAs,  _  ,Sb,  ternary  compounds. 

The  first  set  of  experiments  was  carried  out  at  substrate 
temperature  T,  =  305  ’C  to  study  the  effect  of  Sb  on  the 
composition  x,  for  given  fluxes  of  In  and  As.  Figure  1  shows 
the  variation  in  the  value  of  x  with  Sb  BEP  for  the  case  when 
the  BEP’s  of  In  and  As  were  kept  constant  at  3  X  10  ~ '  Torr 
and  1.3  X  10~*  Torr,  respectively.  As  shown  in  this  figure, 
changing  the  Sb  flux  can  result  in  solid  composition  in  the 
range  0  <  x  <  1;  however,  the  value  of  x  is  very  sensitive  to  Sb 
flux  especially  for  low  values  of  x.  The  second  set  of  experi¬ 
ments  was  carried  out  to  study  the  effect  of  As  flux  on  the 
value  of  x  for  constant  In  and  Sb  fluxes.  Figure  2  shows  that 
the  value  of  x  is  not  very  sensitive  to  the  As  flux.  There  was 
almost  no  variation  in  the  value  of  x  as  a  result  of  changing 


FIG.  3.  Dependence  of  the  crystal  composition  x  of  InAs,  ,Sb,  on  the 
substrate  temperature. 
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In  Sb  -  iftASi-  t  Sb*  SlS 
L*  ♦  Lb  *  150  A 


DIFFRACTION  ANGLE.  29<  DEGREES  ) 

FIG.  4.  X-ray  diffraction  pattern  of  strained  layer  superlattice  with  alter¬ 
nating  layers  of  x~  0.74  InAs,  .  .Sb,  and  InSb. 

the  As  BEP  by  a  factor  of  50,  using  In  and  Sb  BEP’s  of 
3x  10"7  Torr  and  2.4 x  10~7  Torr,  respectively.  We  have 
also  observed  that  the  surface  morphology  of  InAs,  _,Sb, 
film,  for  a  given  value  of x,  deteriorates  with  excessively  high 
As  flux.  Thus,  from  Figs.  1  and  2,  it  seems  that  varying  in  the 
Sb  flux  is  more  effective  in  controlling  the  solid  composition 
of  this  ternary  alloy.  The  third  set  of  experiments  was  per¬ 
formed  at  different  substrate  temperatures  and  for  fixed  val¬ 
ues  of  In,  As,  and  Sb  BEP  of  3x  10“ 7,  1.5  X  10"6,  and 
3X10"7  Torr,  respectively.  Higher  values  of  x  can  be 
achieved  at  low  substrate  temperatures  as  shown  in  Fig.  3. 
Similar  observations  were  reported  on  the  MOCVD  growth 
of  InAs,  _  ,Sb, .“  Thus,  adjusting  the  substrate  temperature 
may  offer  a  convenient  way  of  controlling  the  solid  composi¬ 
tion,  especially  for  low  values  of  x. 

An  InSb-InAsSb  SLS  was  deposited  on  a  GaAs  sub¬ 
strate  at  T,  =  350  *C.  The  BEP  of  In,  Sb,  and  As  was  kept  at 
3x  10" 1 ,  3.1  X  10" 7,  and  1.3  X  10"*,  respectively.  The  SLS 
was  grown  by  keeping  the  substrate  exposed  to  In  and  Sb 
fluxes  at  all  the  times,  while  the  As  shutter  was  microproces¬ 
sor  controlled  for  the  deposition  of  InAsSb  and  InSb,  respec¬ 
tively.  Growth  times  of  InSb  and  InAsSb  were  adjusted  to  33 


and  67  s,  respectively.  Ninety  periods  were  deposited,  result¬ 
ing  in  a  total  thickness  of  1 .5  /urn  as  measured  from  a  cleaved 
cross  section.  The  period  of  the  SLS  is  approximately  1 50  A, 
consisting  of  50  A  of  InSb  and  100  A  of  InAsSb.  This  is 
consistent  with  growth  rates  from  thicker  calibration  sam¬ 
ples  InSb  and  InAsSb.  Figure  4  shows  the  x-ray  diffraction 
pattern  of  the  InSb- InAsSb  SLS  structure.  The  zero-order 
diffraction,  n  =  0,  gives  the  average  lattice  parameter  of  the 
SLS,  although  this  does  not  correspond  directly  to  the  aver¬ 
age  composition  of  SLS.  The  average  composition  was  ob¬ 
tained  from  an  electron  microprobe  (EMP)  measurement  on 
the  entire  SL  structure.  EMP  shows  that  on  the  average  the 
SL  has  8.8  at.  %  of  As.  Due  to  the  thickness  ratio  of  the 
individual  layers  this  will  correspond  to  about  1 3  at.  %  of  As 
in  the  ternary  alloy,  i.e.,  x  =  0.74.  The  satellite  peaks  located 
for  example  at  n  =  ±  1  are  due  to  the  periodicity  of  the 
structure,8,9  and  indicate  a  period  of  about  1 50  A.  This  is 
consistent  with  the  value  obtained  from  the  total  thickness  of 
the  90  periods  and  is  also  in  agreement  with  our  predicted 
growth  rates. 

In  conclusion,  thin  films  of  InAs,  _  ,  Sb,  have  been  de¬ 
posited  on  GaAs  and  InSb  substrates  over  the  composition 
range  0  <  x  <  1 .  The  composition  of  the  solid  film  was  found 
to  be  fairly  sensitive  to  both  the  growth  temperature  and  the 
Sb  flux,  but  much  less  sensitive  to  the  As  flux.  In  addition,  it 
has  been  demonstrated  that  the  growth  of  InSb- InAsSb 
superlattices  is  possible.  Results  for  an  InSb-InAso  26Sb0  74 
SLS  with  1 50-A-thick  periods  have  been  described.  These 
InAsSb  ternary  and  the  InSb-InAsSb  SLS  structures  should 
have  potential  applications  for  detectors  covering  the  8-12- 
fim  spectral  range. 
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Laterally  selective  growth  of  III-V  compounds  has  been  successfully  demonstrated  by 
metalorganic  chemical  vapor  deposition.  This  was  achieved  by  using  a  specially  designed  growth 
chamber  and  susceptor  that  allows  the  substrate  to  move  with  respect  to  a  stationary  GaAs  or  Si 
mask.  We  have  used  this  technique  to  selectively  deposit  GaAs,  _  x  Px  with  different  values  of  x 
and  a  GaAs-GaAsP  superlattice  on  a  single  GaAs  substrate.  We  have  also  selectively  grown 
multiple  color  light-emitting  diodes  on  a  GaAs  substrate. 


Integrated  optical  and  electronic  devices  require  the 
fabrication  of  many  different  components,  each  with  its  own 
material  and  structural  requirements,  on  one  chip.  Opti¬ 
mum  performance  of  integrated  devices  necessitates  sepa¬ 
rate  structures  which  fulfill  the  material,  thickness,  and  dop¬ 
ing  requirements  of  each  type  of  device.  Current  activities  in 
this  integrating  process  have  mainly  relied  on  the  same  mul¬ 
tilayer  structure  to  fabricate  the  different  optical  and  micro- 
wave  components. 1-3  Thus  a  single  or  multilayer  structure 
that  can  be  optimum  for  one  particular  device,  a  field-effect 
transistor  (FET)  for  example,  will  not  satisfy  the  device 
structure  required  for  a  detector  or  laser.  This  restriction 
imposes  severe  limitations  on  the  integration  of  different 
components,  such  as  lasers,  light-emitting  diodes  (LED’s), 
modulators,  detectors,  and  FETs.  Previous  efforts  to  reduce 
such  limitations  have  been  based  on  compromises  between 
different  device  structures  or  by  selective  etching1  to  remove 
unwanted  layers  or  ion  implantation4  to  selectively  dope  dif¬ 
ferent  device  structures.  The  necessary  processing  usually 
requires  several  separate  growth  steps  as  well  as  masking, 
etching,  and  lift-off,  which  may  result  in  a  low  yield.  Selec¬ 
tive  area  growth  by  molecular  beam  epitaxy  (MBE)  using  a 
movable  shadow  mask  to  achieve  epitaxial  writing  of  GaAs 
has  also  been  reported.3  However,  multilayer  writing  using 
this  technique  can  be  difficult  due  to  the  requirements  of 
precise  registration  inside  the  MBE  chamber.3  Selective 
growth  by  both  MBE6  and  metalorganic  chemical  vapor  de¬ 
position  ( MOCVD ) 7  through  windows  in  Si02  has  also  been 
reported;  however,  the  same  layered  structure  is  deposited  in 
each  area.  The  ideal  situation  is  to  deposit  different  struc¬ 
tures  on  selected  areas  of  the  substrate.  These  structures  can 
be  tailored  to  achieve  optimum  performance  for  the  different 
devices. 

We  report  here,  for  the  first  time,  initial  and  promising 
results  to  achieve  such  goals.  Laterally  selective  growths  of 
different  material  systems  and  multilayer  structures  are  de¬ 
posited  on  a  GaAs  substrate  using  MOCVD.  This  is 
achieved  by  a  new  susceptor  design  that  allows  relative  mo¬ 
tion  between  a  GaAs  substrate  and  a  GaAs  mask. 

The  experimental  setup  is  shown  in  Fig.  1.  The  rf  heated 
susceptor  is  made  of  graphite  coated  with  silicon  carbide  and 
consists  of  several  parts.  Fixed  part  F  has  a  window  in  which 
the  GaAs  mask  is  located.  The  GaAs  substrate  sits  in  a  recess 
in  the  rotating  part  R.  The  position  of  the  substrate,  with 
respect  to  the  opening  in  the  GaAs  mask,  is  controlled  by 


rotating  part  R  using  a  feedthrough  at  the  base  of  the  growth 
chamber.  The  reactant  gases  are  introduced  into  the  growth 
chamber  through  an  inlet  tube  which  directly  faces  the  win¬ 
dow  and  mask  located  in  the  fixed  part  F.  This  will  allow  the 
substrate  to  be  exposed  to  a  direct  stream  of  the  reactant 
gases.  The  recess  in  part  R  and  the  substrate  thickness  are 
chosen  to  allow  minimum  clearance  between  the  substrate 
and  GaAs  mask. 

Selective  epitaxy  is  achieved  by  exposing  pan  of  the  sub¬ 
strate  to  the  incoming  gas  stream;  the  rest  of  the  substrate  is 
covered  either  by  the  GaAs  mask  or  by  a  portion  of  the  fixed 
part,  F.  The  desired  structure,  made  of  single  or  multiple 
layers,  with  the  desired  material,  thickness,  and  doping 
specifications,  can  thus  be  epitaxially  grown  on  this  un¬ 
masked  area.  The  substrate  can  then  be  rotated  to  mask  the 
already  grown  structure  and  expose  a  new  pan  of  the  sub¬ 
strate  on  which  a  different  structure  may  be  deposited.  Such 
a  process  can  be  continued,  as  necessary,  to  selectively  grow 
any  number  of  structures  that  are  needed.  We  have  demon¬ 
strated  this  new  growth  process  by  selectively  depositing 
GaAs,  GaAs,  _XPX,  GaAs,  _yP,,  and  GaAs-Ga(AsP)  su- 


tntet  tuba 


FIG.  1 .  Experimental  setup  for  selective  epitaxy.  The  substrate  is  located  in 
the  recess  in  rotating  part  £.  Fixed  pan  F  has  a  window  in  it  in  which  the 
GaAs  mask  is  placed.  The  reacting  gases  enter  through  the  inlet  tube  and 
flow  directly  onto  the  mask  and  substrate. 


30 


Appi.  Phys.  Lett  4*  (1),  6  January  1986 


0003-6951  / 86/01 0030-03S01  00 


©  1986  American  Institute  of  Physics 


30 


FIG.  2.  Surface  morphology  and  pho- 
toluminescence  spectra  for  five  layer* 
of  selectively  grown  GaAs,  _  ,  P,  with 
x  =  4, 6, 8,  10,  and  12%.  The  number* 
beside  each  spectra  are  the  intensity 
normalization  factors. 


per  lattice  structures  on  a  single  GaAs  substrate. 

The  GaAs  substrates  were  (100),  oriented  2*  towards 
(110),  and  the  growth  temperature  was  650  *C.  AsH3,  PH3, 
and  trimethylgallium  (TMG)  were  used  as  sources  for  As, 
P,  and  Ga,  respectively.  The  n-  and  p-type  dopants  were 
HjSe  and  dimethy lzinc  ( DMZ ) ,  respectively.  The  first  set  of 
experiments  utilized  a  mask  with  an  opening  about  1  cm  long 
and  1000/im  wide.  Five  GaAs,  _  *  P„  layers  were  selectively 
grown  with  different  values  of  x.  Different  atomic  percent  of 
GaP  in  these  layers  was  achieved  by  changing  the  PH3  mole 
fraction  in  the  gas  phase,  while  those  of  AsH3  and  TMG 
were  kept  constant  Photoluminescence  (PL)  at  77  K  was 
used  to  determine  the  value  of  x  for  the  different  layers.  Fig- 
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ure  2  shows  the  surface  of  the  selectively  grown  GaAs,  _  „  P, 
layers  for  x  =  4, 6, 8,  10,  and  12%.  The  PL  spectra  of  each  of 
these  selectively  grown  areas  are  also  shown  in  Fig.  2.  Figure 
3  shows  a  photomicrograph  of  these  layers,  showing  that 
their  width  in  this  region  is  about  600  pm  each. 

The  compositional  variation  across  the  selected  growth 
regions  has  been  studied  using  scanning  PL.  The  sample  was 
mounted  in  a  cryostat  and  cooled  to  77  K.  An  As*  ion  laser 
beam  is  scanned  across  the  sample  in  25-^m  steps.  The  vari¬ 
ation,  for  a  typical  sample,  of  PL  peak  wavelength  with  posi¬ 
tion  is  plotted  in  Fig.  4.  The  flat  regions  in  Fig.  4  correspond 
to  areas  with  uniform  composition  and  their  PL  spectra  are 
quite  sharp.  In  the  transition  regions  (between  two  areas  of 
different,  but  uniform  composition)  the  PL  spectra  are 
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FIG.  4.  Photoluminescence  peak  wavelength  and  percent  GaP  vs  position 
across  a  substrate  with  five  layers  of  selectively  grown  GalAsP). 
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broader  and  may  be  the  result  of  signals  originating  from  the 
two  adjoining  regions.  The  width  of  the  regions  where  the 
PL  wavelength  changes  between  two  constant  values  varies 
from  20  to  about  150^m  as  shown  in  Fig.  4.  These  values  can 
be  considered  as  the  upper  limits  for  the  transition  width 
between  two  adjacent  selective  growth  regions  since  the  laser 
beam  has  a  finite  size. 

We  have  also  used  this  selective  growth  technique  to 
fabricate  multiple  color  LED’s  on  a  single  GaAs  substrate. 
The  emission  spectra  peaked  at  9100,  8400,  and  8700  A  for 
low  levels  of  current  injection.  LED  structures  were  ob¬ 
tained  by  selectively  growing p-n  junctions  in  Ga  ( AsP )  with 
different  compositions  and  thus  band  gaps.  For  the  present 
growth  temperature,  it  was  not  possible  to  achieve  a  high 
enough  Zn  doping  level  for  good  ohmic  contacts,  especially 
for  high  GaP  content.  For  this  case,  junctions  were  fabri¬ 
cated  by  Zn  diffusion  into  n-type  selectively  grown  layers. 
This  was  achieved  in  an  evacuated  ampoule  containing 
ZnASj  heated  to  600  *C  for  3  h.  Device  fabrication  used  stan¬ 
dard  metallization  and  etching  techniques. 

The  process  of  selective  growth  using  a  moving  sub¬ 
strate  relative  to  a  fixed  mask  can  be  a  promising  approach  to 
integrating  several  devices.  However,  we  believe  that  there 
are  several  factors  that  have  to  be  addressed  before  such  an 
approach  can  be  made  to  meet  most  of  the  desired  require¬ 
ments.  Since  the  growth  is  carried  out  from  sources  in  the  gas 
phase,  abrupt  transitions  in  the  lateral  directions  from  one 
selective  area  to  the  next  can  be  difficult  to  achieve.  We  have 
found  that  the  thickness  of  the  deposited  layer  is  very  small 
near  the  edge  of  the  mask  and  then  gradually  approaches  the 
desired  thickness.  The  length  of  this  taper  depends,  in  part, 
on  the  thickness  of  the  mask  itself.  This  is  a  result  of  the 
inefficient  process  of  supplying  source  molecules  (TMG)  and 
getting  rid  of  reaction  products  (CHJ  close  to  the  edge  of  the 
mask.  This  is  especially  true  of  a  growth  process  that  is  con¬ 
trolled  by  mass  transport  mechanisms.  Reducing  the  thick¬ 
ness  of  the  mask  can  minimize  such  problems.  For  example, 
gradual  variation  over  distances  of  several  thousand  mi¬ 
crons,  several  hundred  microns,  and  a  few  tens  of  microns 
for  mask  thicknesses  of  200, 20,  and  6  mils,  respectively,  was 
observed.  We  believe  that  even  further  reduction  in  the  taper 
length  can  be  achieved  by  using  thinner  masks.  The  thick¬ 


ness  grading  of  deposited  layers,  however,  can  be  beneficial 
in  certain  applications.  For  example,  this  tapered  film  can  be 
used  to  couple  light  to  another  film  with  a  different  index  of 
refraction.8  Also,  growth  through  an  opening  in  a  fairly 
thick  mask  will  lead  to  a  low  growth  rate  near  the  walls  of  the 
mask  and  high  growth  rate  in  the  center  of  the  opening.  This 
thickness  variation  will  result  in  a  curved  surface  which  is 
desirable  in  some  light-emitting  devices. 

The  clearance  between  the  mask  and  the  substrate  will 
allow  gases  to  be  trapped  in  such  a  gap.  Thus  growth  may  be 
present  on  parts  of  the  substrate  that  are  already  masked. 
For  a  gap  of  few  mils  thick,  we  found  that  such  an  effect  does 
not  constitute  any  serious  problems.  Angle  lapped  samples 
(1/3*)  for  selected  growth  areas  show  that  there  was  no 
growth  in  the  masked  regions.  This  might  be  a  result  of  the 
fairly  low  mole  fraction  of  the  active  molecules,  such  as 
TMG,  in  the  carrier  gas.  For  example,  with  a  TMG  flow  rate 
of  10-5  mol/min  in  500  cc/min  of  H:  carrier  gas,  the 
trapped  gases  in  a  few  mils  thick  gap  will  form  less  than  a 
monolayer  of  GaAs  in  1  min. 

In  conclusion,  laterally  selective  growth  has  been  suc¬ 
cessfully  demonstrated  using  MOCVHD.  This  was  achieved 
by  using  a  specially  designed  susceptor  that  allows  the  sub¬ 
strate  to  move  with  respect  to  a  stationary  GaAs  mask.  We 
have  used  this  technique  to  selectively  deposit  GaAs,  _  x  P, 
on  a  single  GaAs  substrate  with  different  values  of  x  and  to 
obtain  multiple  color  LED’s  on  a  single  GaAs  substrate. 
This  masking  technique  can  also  be  used  to  obtain  a  tapered 
film  light-wave  coupler  and  also  as  a  means  to  grow  films 
with  curved  surfaces. 
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ABSTRACT 

InSh|_x  Bix  (0.01  <  x  <  0.14)  and  InAsSbBi  quaternary  alloys  are 
attractive  materials  for  the  development  of  semiconductor  infrared  detectors 
covering  the  8-14  pm  range. 

We  report  for  the  first  time,  MOCVD  growth  of  InSb1_x  3ix  (0.01  <x 
0.14)  and  InAsi„x_y  Sbx  By  with  0.5  <  x  <  0.7  and  0.01  <y  <0.04  on  both 
GaAs  and  InSb  substrates  using  AsH^  TMSb,  TEI  and  TMBi.  Electrical 
measure  nents  of  the  undoped  InSbQ^gg  Bio.oi  3hjws  a  background  carrier 
concentration  of  approximately  10^/cm^  and  a  room  temperature  mobility  of 
20,215  cn^/V.sec.  To-date,  these  are  the  best  reported  electrical 
measurements  for  this  ternary  alloy. 

The  formation  of  a  secondary  Bi  phase  and  single  crystal  growth  of 
metallic  bismuth-antimony  at  the  surface  of  In  Stvj_x  Bix  which  results  in 
deterioration  of  morphology  with  increasing  values  of  x  is  also  investigated. 
A  wide  range  of  analytic  techniques,  including  SEM,  EDX,  electron  microprobe 
and  AES  have  been  employed  in  our  surface  analysis. 

Introduction 

This  paper  reports  the  first  results  on  the  epitaxially  growth  of  thin 
film  InSb-j_x  Bix  (0.01  <  x  <  0.14)  and  InASi_x_y  Sbx  3iy  with  0.5  <x  <0.7 
and  0.01  <y  <0.04  semiconducting  alloys  by  MOCVD. 


Present  results  include  growth  parameters,  electrical,  and  crystal 
characterizations.  Surface  derived  features  for  InSb1_x  Bix  were  also 
investigated  by  SEM  (scanning  electron  microscopy)  with  supplemental  element 
identifications  by  EDX  (energy  dispersive  X-ray  analysis),  electron 
microprobe  analysis  and  AES  (Auger  electron  spectroscopy). 

Results  and  Discussion 

Epitaxial  layers  were  grown  in  a  vertical  quartz  reactor  operating  at 
atmospheric  pressure.  Arsine  (AsH^)*  Triethyl  indium  (TEI)  (Alfa), 
trimethylantimony  (TMSb)  (Alfa)  and  trimethyl  bismuth  (TMBi)  (Alfa)  were  used 
as  arsenic  indium  antimony  and  bismuth  sources,  respectively.  The  TMBi 
bubbler  was  maintained  at  approximately  -12°C,  thus  keeping  the  partial 
pressure  of  the  TMBi  vapor  in  the  gas  phase  low  enough  to  deposit  a  few 
percent  of  Bi  in  the  solid  phase.  Epi layers  were  grown  on  both  (100)  InSb 
and  Cr  doped  semi-insulating  GaAs  at  a  growth  temperature  of  445°C. 

Compiled  in  Table  1  is  a  summary  of  the  growth  parameters,  solid 
composition,  carrier  concentration  and  carrier  mobility  for  several 
InSd|_x0ix  and  inAsSbBi  samples.  In  the  absence  of  a  high  resistivity  InSb 
substrate  all  fell  measurements  were  conducted  on  InSt>|_x  Bix  and  InAsSbBi 
epi  layers  deposited  on  semi- insulating  (100)  GaAs.  All  grown  InSb-|_x  Bix 
epi  layers  were  n-type  with  carrier  concentrations  in  the  low  10^/cm^  to  the 
lO^/cm^  range.  The  same  range  of  carrier  concentration  was  also  observed 
for  the  deposition  of  epilayers  of  InSb  under  similar  conditions  (without  Bi 
doping).  In  particular,  it  is  clear  that  the  addition  of  a  few  percent  of 
Bi  to  the  InSb  solid  film  does  not  result  in  a  significant  change  in  the 
carrier  concentration.  A  dramatic  improvement  however  is  observed  in  the 
electron  mobility,  even  in  cases  were  the  solubility  limit  of  Bi  is 


exceeded.  For  instance,  the  epi layer  InSbQ>86  BQ.14  has  a  electron  mobility 
which  is  approximately  twice  the  mobility  of  a  InSb  film  (  5000  cm^/V  sec) 

grown  under  similar  conditions.  (Table  1)  Epi  layer  thickness  for  both  InSb 
and  InSbi_x  3ix  corresponding  to  sample  runs  229,  251  and  253  was 
approximately  1  pm.  When  thicker  layers  of  InSb1_x  Bix  were  deposited  2 
pm  (run  #253),  a  electron  mobility  of  20,215  cm^/V.sec  was  recorded  at  room 
temperature.  The  corresponding  mobility  at  77K  was  5800  cm^/v.sec.  This 
decrease  in  mobility  at  low  temperature  is  attributed  to  the  predominance  of 
a  Dexter-Seitz's  dislocation  scattering  mechanism.  Further,  it  is  noted 
that  the  mobility  of  this  material  is  far  superior  to  that  grown  by  existing 
MBE  techniques.  For  instance,  with  a  comparable  Bi  concentration  in  the 
solid,  carrier  concentrations  and  mobilities  grown  oy  MBE  are  1.6  x  101s/cm^ 
and  480  cm^/V.sec,  respectively  [1,2].  This  may  be  compared  to  4  x  lO^/cm^ 
and  20,215  cm^/V.sec  in  the  present  study. 

Also  compiled  in  Table  1  are  the  electrical  characteristics  of  the 
InAsSbBi  alloys.  Carrier  concentrations  of  the  grown  films  are  in  the  high 
10^/cm3  to  low  10^7/cnP  range.  The  incorporation  of  Bl  in  InAsSb,  although 
improving  the  mobility  slightly,  resulted  in  a  significant  degradation  of 
surface  morphology. 

The  surface  morphology  and  microstructure  of  the  InSb^_x  gi  epi  layers 
corresponding  to  a  InBi  mole  fraction  of  3%  (run  #233)  and  12%  (run  #229)  are 
shown  in  Figure  1  (a)  and  (b),  respectively.  Three  regions  are  clearly 
defined  on  both  SEM  micrographs.  Region  A,  we  identify  as  polycrystalline 
coherent  precipitates.  They  have  a  regular  geometry,  both  square  and  oblong 
in  appearance,  and  are  randomly  distributed  over  the  surface.  The 
corresponding  distribution  surface  density  is  largest  on  the  InSb1_x  Bix 
epilayer  for  x  *  14.5  (run  #239)  and  is  reduced  to  very  low  levels  with 


decreasing  x.  The  precipitates  are  small,  ranging  from  1  pm  to  5  pm. 
Dimensions  perpendicular  to  the  surface  are  of  the  order  of  1000  8,  as 
determined  oy  Ar+  ion  milling  and  alpha  step  measurements.  Orthorhombic 
single  crystal  formation  with  prefered  surface  orientation  is  clearly 
illustrated  in  region  B.  Dimensions  of  these  single  crystals  are  large, 
varying  in  length  from  5  pm  to  10  pm.  Surface  distribution  density  is 
largest  for  the  InS&]_x  Bix  (x  =  14/6)  epilayer  and  as  x  is  reduced  below  tte 
bulk  solubility  limit  [3,4],  the  features  completely  disappear.  Region  C 
represents  an  intermediate  area  between  the  polycrystal  line  phase  and  single 
crystal  structures  that  is  both  featureless  and  smooth. 

Examination  of  the  various  surface  regions  by  EDX  gives  several 
interesting  results  (Figure  2).  For  instance.  Region  A  is  mainly  composed  of 
Bi  precipitates  segregated  at  or  near  the  surface.  Indium  is  also 
incorporated  in  this  polycrystal  lire  precipitate  as  confirmed  by  electron 
microprobe  analysis.  Furthermore,  employing  glacing  angle  x-ray  diffraction 
confirms  the  presence  of  polycrystalline  phases  of  InBi  and  In2Bi  together 
with  metallic  Bi  [1,2].  Region  B  has  been  identified  as  single  crystal 
(metal-alloy)  BiSb,  that  is  formed  during  growth  due  to  an  excess  of  free 
antimony  at  the  surface.  Auger  analysis  confirms  the  presence  of  a  Sb  rich 
surface  in  all  of  the  InSb^_xBix  epitaxial  grown  films.  Coalescence  of 
free  Bi  and  Sb  cn  the  surface  to  form  single  crystal  BiSb  on  cooling  is 
tentatively  proposed.  The  smooth  mirror-like  surface  pertaining  Region  C  is 
depleted  of  Bi  and  appears  to  be  composed  only  of  InSb. 

In  the  case  of  InSt>i_x3ix  (x»0.01)  whose  InBi  %  composition  is  below 
the  solubility  limit  of  2.656  in  InSb  [3,4],  the  surface  morphology  was  good 
with  only  a  small  surface  density  of  second  phase  polycrystalline  Bi 
precipitates. 


In  conclusion,  we  have  successfully  grown  InAsSbBi  quaternary  and 
InSfri_xBix  epilayers  over  a  wide  range  of  x  values.  High  electron 
mobilities  have  been  recorded  for  these  InSbi1_xBix  films  grown  below  tte 
InBi#  solubility  limit.  A  trend  reflecting  the  deterioration  in  surface 
morphology  with  increasing  x  has  been  observed.  Investigation  of  the 
corresponding  surface  microstructure  reveals  the  predominance  of 
polycrystalline  phases  of  In2Bi,  InBi  and  metallic  Bi.  The  presence  of 
metallic  alloy  BiSb  is  also  observed  on  those  films  were  the  InBi#  exceed 
the  solubility  limit. 
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RUN 

Growth 

Temperature 

(*C) 

Epl layer 
Thickness  (pa) 

Gas  Phase  Composition 
(p  mol./min) 

TEI  TMSb  AsHj  TMB1 

Solid 

Composition 
InSo*  lnBl% 

Carrier 

Concentration 
n  (cm "■>)  [30CK] 

Moollity 
p  (cnr/V.sec 
[3COK] 

228 

445 

1 

80 

8 

- 

- 

- 

3  x  1016 

5000 

229 

445 

1 

80 

8 

- 

1.2 

- 

12 

1  x  1017 

5000 

231 

445 

1 

80 

8 

- 

2.4 

- 

14.5 

2  x  1017 

10,940 

233 

445 

1 

80 

8 

- 

0.5 

- 

3 

7  x  10* 

4000 

253 

445 

2 

80 

8 

- 

0.3 

- 

<1 

4  x  1016 

20,215 

235 

445 

1 

130 

16 

5.5 

1.2 

52 

4.4 

6  x  1016 

6000 

236 

445 

1 

160 

20 

5 

1.2 

52 

1 

2  x  1017 

8000 

TABLE  1_  Growth  conditions  and  slsctrieal  Hall  iwasurenenCs  for 
'  InSt^_x  Blx  and  InSbAsBi 
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ABSTRACT 

Organometallic  chemical  vapor  deposition  (OM-CVD)  growth  of  InSb  and  InAs,-xSbx  has  been  obtained  using  tri- 
ethylindium  (TED,  trimethylantimony  (TMS),  and  arsine  (AsHj  on  (100)  GaAs,  (100)  InSb,  and  (111)-B  InSb  substrates. 
InSb  with  excellent  morphology  was  achieved  on  both  (100)  InSb  and  (111)-B  InSb  substrates.  The  measured  electron 
mobility  at  300  K  of  undoped  InSb  grown  on  (100)  GaAs  semi-insulating  substrates  was  40,000  cmW-s  at  a  carrier  con¬ 
centration  of  N0-Nk  =  2.0  x  10"  cm-3.  Carrier  concentration  of  Nn-,V„  =  1.2  *  1015  cm has  been  measured  at  77  K. 
InAs,-^Sbr  (0.07  «  x  *  0.75)  with  mirror-like  surfaces  have  been  grown  on  (100)  InSb  and  InAs  substrates.  This  composi¬ 
tion  range  of  0.55  <  x  <  0.75  (Eg  =»  0.1  eV)  has  been  successfully  achieved  for  the  first  time.  Solid  composition  variations 
as  a  {Unction  of  growth  temperature  and  InSb  substrate  orientations  are  also  discussed. 


In  this  paper,  we  report  for  the  first  time  the  epitaxial 
growth  of  InSb  on  InSb  substrate  by  OM-CVD.  Optimum 
growth  conditions  for  mirror-like  surfaces  and  the  electri¬ 
cal  properties  of  the  epitaxial  layers  will  be  presented. 
Also,  we  report  here  the  growth  of  InAs,-,-Sb,  on  InSb 
and  InAs  substrates  with  mirror-like  surfaces  over  the 
composition  range  0  <  x  *  0.75. 

Experimental 

Epitaxial  layers  were  grown  in  a  vertical  quartz  reactor  ' 
(9.5  cm  id  and  30  cm  long)  using  300  kHz  RF  induction  for  j 
heating  the  graphite  susceptor.  Triethylindium  (TEI) 
(Alfa),  trimethylantimony  (TMS)  (Alfa),  and  arsine  (AsH,) 
(5%  in  H,,  Mathoson  or  Phoenix  Research)  were  used  as 
indium,  antimony,  and  arsenic  sources,  respectively. 
Palladium-diffused  H,  was  used  as  the  carrier  gas  at  a 
nominal  flow  rate  of  3.6  1/min.  Substrates  included  (100). 
(111)-B  InSb,  and  (100)  2*  toward  [110]  InAs  and  Cr-doped 
semi-insulating  GaAs. 

Both  InSb  and  GaAs  substrates  were  prepared  by 
cleaning  with  TCE,  acetone,  and  methanol.  Final  treat¬ 
ments  included  an  8:1  (lactic  acidiHNO,)  etching  for  InSb, 
and  a  7:1:1  (H,SO<:HjOj:HjO)  etching  for  GaAs  substrates. 

The  deposition  temperature  for  InSb  was  varied  from 
375°  to  480°C.  Both  TEI  and  TMS  flows  were  started 
when  the  substrate  temperature  reached  the  growth  tem¬ 
perature  for  InSb  deposition.  No  group  V  overpressure 
was  maintained  during  the  preheat. 

InAs,-^Sbr  growth  on  (100)  InSb  substrates  showed 
mirror-like  surface  morphology  with  different  III/V  ratios. 
However,  it  had  not  shown  satisfactory  surface  morphol¬ 
ogy  on  (111)-B  InSb  substrates;  therefore,  we  concentra-  1 
ted  our  experiments  on  (100)  InSb  substrates. 


There  are  two  wavelength  ranges,  3-5  and  8-12  nm, 
which  cover  the  atmosphere  window  where  minimum  ab¬ 
sorption  is  present.  The  InSb  infrared  detector  has 
significant  application  for  the  detection  of  3-5  urn  radia¬ 
tion.  This  material  has  received  increasing  attention  over 
the  past  few  years.  Epitaxial  growth  of  InSb  has  been  re¬ 
ported  by  LPE  (1);  however,  there  are  several  problems 
associated  with  the  surface  morphology.  MBE  growth  of 
InSb  (2)  has  been  also  recently  reported;  however,  the 
electrical  properties  of  the  epitaxial  layers  have  not  been 
reported.  Organometallic  chemical  vapor  deposition  (OM- 
CVD)  is  a  potential  technique  for  the  epitaxial  growth  of 
InSb  on  large  area  substrates  with  surface  morphology 
and  electrical  properties  suitable  for  infrared  focal  plane 
arrays.  Relatively  little  work  has  been  reported  on  the 
growth  of  InSb  and  its  alloys  by  OM-CVD.  Manasevit  (3) 
reported  the  growth  of  InSb  on  A1,0,  by  OM-CVD  with  a 
room  temperature  mobility  of  15,000  cm'/V-s  and  a  carrier 
concentration  of  (2-3,  x  10'*  cm-1;  however,  no  discussion 
of  optimized  growth  parameters  and  the  growth  of  epi¬ 
taxial  layers  on  InSb  substrates  has  yet  been  reported. 

InAs,.,Sb,  with  x  -  0.6  has  the  lowest  bandgap  (-0.1 
eV)  of  the  IH-V  compounds.  This  bandgap  can  be  suitable 
for  detectors  in  the  8-12  «im  wavelength  region. 
InAs,-.rSb,  epilayer  growth  by  LPE  is  difficult  because 
of  the  very  wide  separation  of  liquidus  and  solidus  curves 
in  the  phase  diagram  (4).  There  have  been  several  reports 
of  OM-CVD  growth  of  InAs^.rSb,  on  InAs  and  insulating 
substrates  (5,  8);  however,  poor  surface  morphology  of  the 
epitaxial  layers  has  always  been  a  problem  especially  for 
high  value  of  x.  We  are  not  aware  of  any  reported 
epitaxial  growth  of  InAs,-,Sb,.  with  0.5  <  x  <  0.7,  where 
the  bandgap  is  about  0.1  eV 
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GROWTH  OF 

Conventional  van  der  Pauw  method  on  clover  leaf 
samples  cut  from  the  epitaxial  layers  grown  on  Cr-doped 
GaAs  substrates  was  used  with  alloyed  In  contacts  for  the 
electrical  characterization.  X-ray  diffraction  was  used  for 
determining  the  solid  composition  of  InSb  in  InASi-^Sb,. 

Results  and  Discussion 

InSb. — The  optimum  growth  conditions  which  pro¬ 
duced  the  best  surface  morphology  on  both  (100)  and 
(111)-B  InSb  substrates  are  460°C  growth  temperature 
with  flow  rates  of  1.45  x  10-1  mol/min  and  1.13  x  10 -s 
mol/min  for  TEI  and  TMS,  respectively.  Figure  1  shows 
the  surface  morphologies  of  InSb  epi-layers  grown  on 
(100)-  and  (111)-B  InSb  substrates  under  optimum  growth 
conditions.  The  best  results  were  obtained  with  a  slightly 
In-rich  gas  phase  (TMS/ TEI  =*  0.78  partial  pressure  ratio) 
similar  to  the  OM-CVD  growth  of  GaSb  under  Ga-rich  gas 
phase  done  by  Cooper  et  al.  (7).  This  is  different  from 
most  arsenic  containing  growth,  such  as  GaAs,  which  are 
grown  with  a  group  V-rich  gas  phase.  It  is  more  difficult 
to  grow  GaAs  because  excess  As  is  very  volatile  at  the 
growth  temperature  for  GaAs;  therefore,  it  is  easily  sepa¬ 
rated  from  the  binary  during  growth  (8).  However,  In  and 
Sb  have  a  relatively  low  vapor  pressure  at  growth  temper¬ 
atures  less  than  480°C.  Excess  In  or  Sb  will  deposit  on  the 
substrate  and  incorporate  into  the  layer  as  In  or  Sb 
droplets. 

Figure  2  shows  that  the  growth  rate  is  proportional  to 
the  TMS  flow  rate  with  a  constant  TEI  flow  rate  and 
growth  temperature.  Growth  rate  varies  from  0.01  to  0.043 
^m/ min  while  maintaining  good  surface  morphology. 


Fig.  1.  Sarfaco  woryAoioy  »  of  InSb  tpiloyors  grown  on  two  InSb 
mbitroU  orio morions,  a  (toe):  (100)  InSb  substrata  (300x).  b  (bot¬ 
tom):  (11D-I  InSb  sobstroto  (30Qx). 


InSb  AND  InAs,-.rSbx 


PARTIAL  PRESSURE  RATIO  OF  TMS/TEI 
Fig.  2.  Growth  rate  of  InSb  as  a  function  of  partial  pressure  ratio  of 
TMS/TEI  with  TEI  «  2.90  x  10-s  mol/min  and  growth  temperature 
450*C. 


This  growth  rate  of  2.5  pin/h  makes  OM-CVD  a  very  prac¬ 
tical  method  for  the  epitaxial  growth  of  InSb. 

The  dependence  of  growth  rate  on  growth  temperature 
with  constant  TMS/TEI  partial  pressure  ratio  is  shown  in 
Fig.  3.  Both  higher  growth  rate  and  better  surface  mor¬ 
phology  have  been  obtained  at  a  high  growth  tempera¬ 
ture.  At  growth  temperatures  above  480°C,  local  melting 
of  the  InSb  substrate  was  observed  (InSb  mp  =  525°C).  In 
addition,  there  was  no  growth  when  temperature  was  de¬ 
creased  to  375°C,  probably  owing  to  the  insufficient  dis¬ 
sociation  of  the  OM  sources.  Because  of  the  lack  of  availa¬ 
ble  InSb  semi-insulating  substrates,  we  used  GaAs  (100) 
2*  toward  [110]  Cr-doped  semi-insulating  substrates  to 
study  the  electrical  properties  of  the  InSb  epilayer.  It 
could  be  estimated  (9)  that  there  exists  10“  cm--  disloca¬ 
tion  density  at  the  interface  between  the  InSb  epilayer 
and  the  (100)  GaAs  substrate  due  to  their  14%  lattice  mis¬ 
match.  The  InSb  epilayers  grown  on  GaAs  were  shown  to 
be  single  crystal  by  x-ray  diffraction,  however,  with  poor 
surface  morphology.  Figure  4  shows  the  room  tempera¬ 
ture  electron  mobility  vs.  the  partial  pressure  ratio  of 
TMS/TEI  with  constant  TEI  flow  rate  at  two  different 
gfowth  temperatures.  All  samples  show  n-type  conductiv¬ 
ity  at  partial  pressure  ratios  of  TMS/TEI  from  0.4  to  1.5. 
At  room  temperature,  carrier  concentrations  in  the  range 
2  x  10“  to  8  x  10“  cm-1  have  been  obtained.  This  range  is 
close  to  what  can  be  achieved  since  at  room  temperature 
the  intrinsic  carrier  concentrations  for  InSb,  n,,  is  about 
2  x  10“  cm-5.  At  liquid  nitrogen  temperature,  the  lowest 
measured  carrier  concentration  is  about  1  x  10“  cm-3. 
This  indicates  the  presence  of  Na-NA  background  impu¬ 
rity  of  the  order  of  magnitude  10“  cm-1  since  n,  for  InSb 
at  liquid  nitrogen  temperature  is  in  the  10*  cm-5  range. 
We  have  not  yet  identified  the  nature  and  sources  of 
these  impurities. 

Our  best  room  temperature  electron  mobility  is  40.000 
cmW-s  at  a  carrier  concentration  of  N0-NA  -  2.0  x  10“ 
cm-1  (thickness  »  1  Mm)  grown  at  400°C  with  a  2.9  x  10-S 
and  2.47  x  10-S  mol/min  flow  rate  of  TEI  and  TMS,  re¬ 
spectively.  This  result  is  comparable  with  what  has  been 
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GROWTH  TEMPERATURE  (*c) 

Fig.  3.  Growth  rat*  of  InSb  os  a  function  of  temperature  with  flow 
rate  of  TELTMS  *19x  10"s:i47  x  lO"1  mol/min. 

obtained  using  infinite  solution  liquid-phase  epitaxy  by 
Holmes  and  Kamath  (1).  They  reported  electron  carrier 


PARTIAL  PRESSURE  RATIO  OF  TMS/TEI 
Fig.  4.  Room  temperature  electron  mobility  of  InSb  os  a  function  of 
TMS/TEI  partial  pressure  ratio  (flow  rate  of  TEI  fixed  at  2.9  x  10-5 
mol/min)  at  growth  temperatures  400°C  (O)  and  450°C  (A).  The 
thickness  of  all  the  samples  are  1-2  Mm  except  sample  A  (=•  4  Mm). 
Substrates  are  (100)  GaAs  Cr-doped  semi-insulators. 


concentrations  and  mobilities  for  20  Mm  thick  InSb 
epilayers  ranging  from  2  to  4  x  10‘*  cm-3  and  from  5  to  6 
x  104  cmW-s,  respectively.  In  Fig.  4.  we  also  find  that  the 
electron  mobilities  increase  from  25,000  cm-/V-s  for  a  2 
m m  thick  epilayer  to  35,000  cm-'/V-s  for  a  4  Mm  thick 
epilayer,  which  were  grown  at  the  same  growth  condi¬ 
tions.  This  indicated  that  mobility  is  dependent  on  the 
thickness  of  the  epilayer  as  has  been  previously  observed 
in  the  OM-CVD  growth  of  GaAs  (10).  Figure  5  shows  the 
temperature  dependence  of  the  electron  mobility.  The 
electron  mobility  tends  towards  a  maximum  value  in  the 
vicinity  of  300  K  and  decreases  monotonically  with  in¬ 
creasing  temperature.  This  result  is  similar  to  that  re¬ 
ported  by  Wiederts  study  of  dendritic  films  of  InSb  (11). 
Such  mobility  temperature  dependence  can  be  partially 
explained  to  be  a  result  of  the  presence  of  high  disloca¬ 
tion  density  in  the  InSb  epilayer  on  GaAs  substrates. 
Ehrenreich  (12)  has  shown  that  lattice  scattering  domi¬ 
nates  above  200  K  and  has  a  temperature  dependence  of 
the  electron  mobility  m^T-'  T.  In  addition,  Dexter  and 
Seitz  (13)  have  indicated  that  the  density  of  dislocations, 
N,  necessary  to  give  dislocation  scattering  at  temperature 
T  equal  to  the  lattice  scattering  is  N  =  6  x  10*’P  -  cm-2 
which  is  **  10"  cm-2  at  300  K.  Since  there  exists  1014  cm-2 
dislocation  density  at  the  interface  between  InSb  epilayer 
and  (100)  GaAs  substrate,  dislocation  scattering  has  to  be 
considered  as  well  as  impurity  and  lattice  scattering  ef¬ 
fects.  Dexter  and  Seitz  also  indicated  that  dislocation 
scattering  effect  increases  with  decreasing  temperature. 
The  reciprocal  mobility  can  be  described  as 

1111 

—  =* - + - +  —  [1] 

M  Mi  Mi  ^ 

where  m,  Mi.  m i,  and  Ma  represent  the  experimentally  mea¬ 
sured  mobility,  impurity  scattering  mobility,  lattice  scat¬ 
tering  mobility,  and  dislocation  scattering  mobility,  re¬ 
spectively.  From  Putley’s  paper  (14),  we  estimated  that 
the  impurity  scattering  mobility,  at  carrier  concentration, 


HALL  TEMPERATURE  (*k) 

Fig.  5.  Ttmporotura  dependence  of  the  InSb  electron  mobility.  The 
measured  values  of  M  were  used  in  conjunction  with  lattice  scattering 
mobility  Mi  and  impurity  scattering  mobility  m i  to  determine  the  dislo¬ 
cation  scattering  mobility  Mu- 
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n  =  10“  cm-3,  (t,  *  1.1  x  10*  T"73.  For  the  two  curves 
shown  in  Fig.  5,  the  measured  values  of  ft  were  used  in 
conjunction  with  ft,  =  1.1  x  10*  V>  n  and  ft,  =  1.09  x  io» 
T _l-“  (11)  to  determine  ft*  as  a  function  of  temperature  by 
means  of  Eq.  [1],  The  results  indicate  that  ftd  increases  lin¬ 
early  with  temperature.  Thus.  Eq.  [1]  can  be  expressed  as 

j  pins  1 

"ft  ~  1.1  X  10*  1.09  X  10“  ~  77 

letting  ftd  =  /ST  where  /3  is  constant  (=*  330  cm-’/V-s/K). 

This  result  shows  that  the  Dexter-Seitz’s  dislocation 
scattering  mechanism  represents  the  mobility  limiting 
process.  Finally,  we  believe  that  much  higher  mobility 
can  be  achieved  both  at  77  and  300  K  if  InSb  is  grown  on 
a  lattice  matched  semi-insulator  such  as  CdTe. 

/nAs,-xSbx.— InAs,-xSbr  ternary  layers  have  been 
grown  in  the  composition  range  of  0  <  x  <  0.75  on  (100) 
InSb  substrates,  with  mirror-like  surface  morphologies. 
The  variations  of  the  solid  composition  at  growth  temper¬ 
ature  of  460°C  with  constant  TEI  and  AsH,  flow  rates  is 
shown  in  Fig.  6.  As  shown  in  this  figure,  the  mole  per¬ 
cent  of  InSb  in  the  solid  phase  cannot  be  increased  sub¬ 
stantially  upon  further  increase  in  TMS  flow  rates. 
Values  of  x  higher  than  0.6  can  be  achieved  by  decreasing 
the  mole  fraction  of  AsH,  in  the  gas  phase.  This  has  also 
been  observed  in  the  case  of  OM-CVD  growth  of 
GaAs,.xSbx,  where  reducing  the  AsH,  partial  pressure 
was  found  to  be  more  effective  in  obtaining  higher  GaSb 
in  the  solid  phase  than  increasing  the  TMS  partial  pres¬ 
sure  as  being  reported  by  Bedair  et  al.  (15).  Data  shown  in 
Fig.  6,  however,  are  obtained  for  the  minimum  AsH,  par¬ 
tial  pressure  that  can  be  obtained  from  our  OM-CVD  sys¬ 
tem.  Another  way  to  increase  the  value  of  x  is  to  decrease 
the  growth  temperature  and  to  increase  the  TEI  flow 
rate.  Figure  7  shows  the  dependence  of  the  InSb  percent 
in  the  solid  phase  on  the  TEI  flow  rate  at  two  different 
growth  temperatures.  As  shown  in  this  figure,  growth  at 
440°C  resulted  in  higher  values  of  x  than  that  at  460“C  for 


FLOW  RATE  OF  TMS  (cc/mln) 

Fig.  6.  Mel*  percent  of  InSb  in  the  InAsSb  epiloyer  at  a  function  of 
rite  flow  rot*  of  TMS  with  rite  flow  rat*  of  TEI:AsH,  =*  2.03  x 
10“*:  1.22  x  10“*  mol/min  et  growth  temperature  460“C  using  (100) 
InSb  substrate*. 


400  000  SOO 

FLOW  RATE  OF  TEI  (cc/min) 

Fig.  7.  Mole  percent  of  InSb  in  the  InAsSb  epiloyer  as  a  function  of 
the  flow  rot*  of  TEI  with  the  flow  rat*  of  TMS:AsH,  =  2.96  x  1 0~s: 
1.22  x  10~s  mol/min  at  growth  temperature  460*0  using  (100)  InSb 
(-0-0-)  and  (111 )-B  InSb  (-•-•-)  substrates.  This  figure  also  shows 
the  mol*  percent  of  InSb  in  the  InAsSb  epiloyer  as  a  function  of  the 
flow  rote  of  TEI  with  the  flow  rote  of  TMSrAsH,  =  2.96  x  10~5:1.22 
x  J0~s  mol/min  grown  on  (100)  InSb  substrates  at  two  different 
growth  temperatures,  460°C  (-o-o-)  and  440‘C  (---  _-). 

the  same  flow  rate  of  reacting  gases.  A  possible  explana¬ 
tion  is  that  AsH,  dissociates  more  efficiently  at  higher 
temperatures  and  As  is  preferentially  incorporated  into 
the  crystal  over  Sb  (7).  Under  this  circumstance,  lower 
InSb  percent  in  the  solid  phase  was  obtained  at  higher 
temperatures.  In  this  figure,  we  also  show  the  depend¬ 
ence  of  the  solid  composition  on  the  substrate  orienta¬ 
tions.  With  each  substrate  orientation,  the  InSb  percent  in 
solid'  phase  is  proportional  to  the  flow  rate  of  TEI.  The 
growth  on  (lll)-B  InSb  substrates  has  a  higher  percent  of 
InSb  in  the  solid  composition  as  compared  to  the  growth 
on  (100)  InSb  substrates.  This  result  may  indicate  that  the 
growth  is  controlled  by  surface  reaction  kinetics  rather 
than  by  mass  transport. 

Finally,  we  had  grown  InAs,_,Sb,  with  x  =  0.63  on  (100) 
2*  toward  [110]  InAs  substrates  at  growth  temperature 
460*C  with  very  good  surface  morphology.  This  InSb  per¬ 
centage  in  the  solid  is  higher  than  what  had  been  previ¬ 
ously  achieved  on  InAs  substrates  by  OM-CVD  (5,  6). 
However,  further  study  of  the  growth  on  InAs  substrates 
has  not  been  done  yet. 

Conclusion 

OM-CVD  epitaxial  growth  of  high  quality  InSb  has 
been  demonstrated.  This  was  achieved  by  careful  control 
of  growth  temperature  and  the  TMS/ TEI  partial  pressure 
ratio.  A  room  temperature  mobility  of  40,000  cnv7V-s  has 
been  measured  even  with  14%  lattice  mismatch  between 
the  InSb  epilayer  and  GaAs  substrate.  Dislocation  scatter¬ 
ing  mechanism  has  been  used  to  explain  the  variations  of 
mobility  with  temperature. 

InAs.-.rSb,  growth  on  (100)  InSb  substrates  has  been 
obtained  from  7%  to  75%  InSb  in  the  solid  phase  with 
good  surface  morphologies.  The  dependence  of  the  InSb 
percent  in  the  solid  phase  on  growth  temperature  and  gas 


partial  pressures  can  be  explained  by  preferential  incor 
poration  of  As  over  Sb.  In  addition,  the  variation  of  the 
InSb  percent  in  the  solid  phase  as  a  function  of  substrate 
orientation  was  studied  Thus  OM-CVD  technique  can  be 
a  potential  technique  of  the  epitaxial  growth  of  InSb  and 
InAs,-,Sb,  for  infrared  focal  plane  arrays  covering  the  3-5 
and  8-12  am  ranges. 
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GaAsP-GalnAsSb  SUPERLATTICES:  A  NEW  STRUCTURE  FOR  ELECTRONIC  DEVICES 

S.M.  BEDAIR.  T.  KATSUYAMA,  P.K.  CHIANG.  N.A.  EL-MASRY.  M.  TISCHLER  and  M.  TIMMONS 

Electrical  and  Computer  Engineering  Department,  \orth  Carolina  State  University,  Raleigh.  Sorth  Carolina  '7695-  7911,  USA 


OMCVD  has  been  used  to  grow  GaAs,  _  .P.  -Ga,_  ,  In,  As.  GaAs,  _  .  ~P. -GaAs, Sb,  and  GaAs, . .  P.  -Ga,  _  ,  In  ,  As,  _  .  Sb, 
superlattices  (SL)  in  the  composition  range  0  <  x  <  0.25.  0  <  v  <  0.3  and  0  <  :  <  0.5  Growth  parameters  for  the  svnthesis  of  these 
new  structures  are  reported.  Superlattice  structures  are  characterized  by  X-ray  diffraction,  photoluminescence  and  electron  micro- 
probe.  Light-emitting  diodes  (LED’s),  based  on  these  superlattices  have  been  fabricated.  We  also  report  the  svnthesis  of  the  first 
GalnPAsSb  quinary  alloy  obtained  by  disordering  this  new  SL.  This  new  structure  can  be  grown  lattice-matched  to  a  GaAs  substrate 
and  thus  have  potential  applications  in  several  electronic  devices  such  as  HE.MT.  LED  and  high  speed  detectors 


1.  Introduction 

Advances  in  electronic  devices  usually  rely  on 
progress  achieved  in  the  synthesis  of  new  material 
systems  and  new  structures.  The  superlattice  (SL) 
is  one  of  the  newly  developed  structures  that  has 
both  fundamental  and  technical  interest.  Most  of 
the  superlattice  structures  that  have  been  studied 
so  far  are  made  of  two  binary  compounds,  such  as 
GaSb-InAs  [1],  or  a  binary  and  ternary  com¬ 
pounds,  such  as  GaAs-AlGaAs,  GaAs-InGaAs 
[2,3],  GaAs-GaAsP  [4]  and  CdTe-HgCdTe  [5]. 
However,  superlattices  made  of  two  ternaries  or  a 
ternary  and  a  quaternary  compound  offer  more 
degrees  of  freedom  and  can  have  several  ad¬ 
vantages  over  the  present  structures.  For  example, 
this  new  class  of  superlattices  can  have  a  large 
band-edge  discontinuity  and  the  compositions  of 
the  superlattice  layers  can  be  adjusted  so  that  the 
superlattice,  as  a  whole,  can  be  lattice-matched  to 
a  given  substrate. 

We  have  recently  reported  [6]  the  synthesis  of 
GaAs,  _VP„-In  .Ga,.,  As  superlattice.  In  this 
structure,  with  y  »  lx  and  equal  layer  thicknesses, 
when  grown  directly  on  a  GaAs  substrate,  the 
InGaAs  layers  will  be  under  compression,  whereas 
the  GaAsP  layers  will  be  under  tension  and  the 
lattice  parameter  of  the  SL  layers  will  be  equal  to 
that  of  GaAs.  The  uniqueness  of  this  SL  structure 
is  that  it  allows  the  growth  of  strained  layers  of 
InGaAs  that  are  lattice-matched  to  the  GaAs  sub¬ 


strate.  and  with  a  bandgap  that  can  cover  the 
0.7- 1.4  eV  range.  This  will,  for  the  first  time, 
allow  the  investigation  of  the  electronic  properties 
of  this  ternary,  for  0  <  x  <  0.5.  without  the  inter¬ 
ference  of  the  high  density  of  dislocations  that  is 
usually  encountered  in  their  growth  directly  on  a 
GaAs  substrate. 

Another  SL  structure  which  can  have  the  same 
potential  as  GaAsP-InGaAs  is  GaAsP-GaAsSb. 
It  can  also  be  grown  lattice-matched  to  a  GaAs 
substrate.  This  will  again  allow  the  study  of  several 
fundamental  properties  of  the  GaAsSb  ternary 
compounds,  free  from  substrate- induced  lattice  de¬ 
fects.  Additional  degrees  of  freedom  can  be 
achieved  in  SL’s  made  of  ternary-quaternary  layers 
such  as  GaAsP-GalnAsSb.  The  quaternary  allows 
the  possibility  of  achieving  lower  bandgap  energies 
than  the  ternary  alloys,  for  the  same  lattice  con¬ 
stant.  This  will  lead  to  less  strain  in  the  quaternary 
superlattice  layers  for  the  desired  low  bandgap  in 
the  SL  structure.  Another  advantage  in  using  the 
quaternary  alloy  is  that  it  can  avoid  certain  growth 
problems.  For  example,  in  the  case  of  organome- 
tailic  chemical  vapor  deposition,  rather  than  grow¬ 
ing  Ga0}In0JAs  which  can  be  fairly  difficult  due 
to  the  reaction  between  In  compounds  and  AsH,, 
the  same  lattice  constant  can  be  achieved  by  grow¬ 
ing  the  quaternary  Ga0  75In02i  As0  75Sb0,5.  The 
quaternary  alloy  has  a  lower  In  content  than  the 
ternary,  thus  reducing  the  elimination  reaction  in 
the  gas  phase.  We  report  the  growth  of  GalnAsSb 
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quaternary  alloy  and  the  synthesis  of  the 
GaAsP-GaAsSb  and  GaAsP-GalnAsSb  super¬ 
lattices.  Light  Emitting  Diodes  (LED’s)  based  on 
this  superlattice  have  been  fabricated,  emitting  at 
1  jam  wavelength. 


2.  Experimental 

The  epitaxial  layers  were  grown  by  OMCVD  at 
atmospheric  pressure  in  a  vertical  reactor.  OM 
sources  are  trimethylgallium  (TMGa),  tri- 
ethythyindium  (TEI),  and  trimethyantimony  and 
were  kept  at  0,  20,  and  0°C,  respectively.  A sH3 
and  PHj,  both  5%  in  H2,  were  used  as  the  As  and 
P  sources.  Palladium  diffused  H2  flowing  at  a  rate 
of  3  to  4  1/min  served  as  the  carrier  gas.  Growth 
temperature  was  varied  from  580  to  650  °C.  The 
substrates  were  (100)GaAs  oriented  2°  toward  the 
[110]  direction.  Epitaxial  layers  and  superlattice 
structures  were  examined  by  X-ray  diffraction.  A 
standard  scanning  20  diffractometer  study,  using 
Cu  Ka  radiation  was  employed.  Photolumines¬ 
cence,  electron  microprobe  analysis  (EMP)  and 
optical  microscopic  examinations  were  also  used 
to  examine  the  grown  layers. 


3.  OMCVD  growth  of  Ga^^In^As^Sb^, 

The  growth  of  Ga,_;tInxAs,_>Sbr  by  OMCVD 
relies  on  our  previous  experiences  in  the  growth  of 
the  InGaAs  [7],  GaAsSb  [8],  and  InAsSb  [9] 
ternaries.  In  order  to  minimize  the  parasitic  reac¬ 
tion  between  AsH3  and  TEI,  the  mole  fraction  of 
TEI  in  the  gas  phase  is  adjusted  such  that  the  In 
composition  in  the  solid  phase,  x,  should  be  less 


Table  1 

Growth  conditions  for  the  Ga,_xIn„As,_  Sb  quaternary  alloy 


than  about  0.25.  The  incorporation  of  Sb  in  the 
OMCVD  growth  process  is  different  from  the 
incorporation  of  other  column  V  elements  such  as 
P  and  As.  This  is  because  Sb  has  a  relatively  low 
vapor  pressure  at  the  growth  temperature  and 
excess  Sb  will  be  incorporated  in  the  solid  phase. 
In  order  to  attain  high  values  of  GaSb  or  InSb  in 
the  growth  of  GaAsSb  or  InAsSb,  it  was  found 
that  it  is  more  effective  to  decrease  the  AsH3 
partial  pressure  than  to  increase  the  TMSb  partial 
pressure  [8,9].  We  have  successfully  grown 
GaAs,_vSbvand  JnAs,_ySbv  withy  as  high  as  0.7 
and  0.8,  respectively  [8,9], 

We  have  also  found  that  the  growth  rate  of 
GaAsSb  [8],  especially  for  high  Sb  concentrations 
in  the  solid  phase,  is  not  completely  dependent  on 
the  TMGa  mole  fraction  in  the  gas  phase  as  is  the 
case  for  GaAsP  and  AlGaAs.  Lower  growth  rates 
have  always  been  observed  and  were  found  to  be 
correlated  to  the  AsH3  mole  fraction  in  the  gas 
phase  even  at  growth  temperatures  higher  than 
600  °C.  This  has  been  previously  explained  [8]  by 
assuming  that  the  growth  rate  is  the  sum  of  the 
growth  rates  of  the  GaAs  and  GaSb  sublattices. 
The  growth  rates  in  these  two  sublattices  are  con¬ 
trolled  by  the  AsH3  and  the  TMSb  partial 
pressures. 

Table  1  shows  examples  of  the  growth  condi¬ 
tions  and  solid  compositions  for  several  GalnAsSb 
quaternary  alloys.  The  solid  compositions,  lattice 
constant  and  bandgap  are  determined  from  EMP, 
X-ray  diffraction  and  room  temperature  photo¬ 
luminescence.  To  the  best  of  our  knowledge,  this  is 
the  first  reported  epitaxial  growth  of  this 
quaternary  alloy  over  this  range  of  compositions. 
These  experimental  results  are  in  agreement  with 
the  predicted  values  of  the  lattice  constant  and 
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bandgap  energy  previously  reported  [10].  As  shown 
in  table  1  it  is  possible  to  obtain,  using  this 
quaternary  alloy,  epilayers  with  Eg  =  0.85  eV 
without  facing  the  problem  of  parasitic  reaction 
between  TEI  and  AsH3. 

4.  GaAs,_tP.-Ga,_ iInlAs,_ ^,5^  superiattice 

The  choice  of  growth  temperature  was  critical 
in  this  study.  The  incorporation  of  P  is  low  at  low 
growth  temperatures  [11]  whereas  the  incorpora¬ 
tion  of  Sb  increases  for  low  growth  temperatures. 
Growth  temperatures  in  the  range  of  600-  630  0  C 
were  found  to  be  a  good  compromise  to  incorpo¬ 
rate  the  desired  atomic  fraction  of  Sb.  In  and  P  in 
the  superiattice  layers.  In  order  to  insure  that  the 
average  lattice  spacing  of  the  SL  structure  equals 
that  of  the  GaAs  substrate,  a  series  of  calibration 
runs  were  performed  to  grow  separate  layers  of 
GaAsP  and  GalnAsSb.  The  partial  pressures  in 
the  gas  phase  were  adjusted  so  that  aGlAj  -  aGaAjP 
in  the  ternary  layer  is  about  equal  to  flG,inAi»  ~ 
aG«Ai  in  lhe  quaternary  layer.  Thus  for  equal  layer 
thicknesses  in  the  SL  structure,  tensile  and  com¬ 
pressive  stresses  are  hopefully  equal  in  the  ternary 
and  the  quaternary  thin  layers,  respectively.  The 
growth  rate  of  the  ternary  and  quaternary  com¬ 
pounds  was  deduced  from  the  growth  of  thick 
epitaxial  layers.  Typical  growth  time  ranges  from 
10  to  15  s  for  both  the  GaAsP  and  GaAsSb  or 
GalnAsSb  layers.  The  AsH}  was  kept  on  during 
the  whole  growth  period.  TMGa  and  PH3  were 
switched  on  for  the  growth  of  GaAsP.  This  was 
followed  by  one  minute  of  flushing  Then  TMG. 
TEI  and  TMSb  were  switched  on  to  grow  the 
quanternary  alloys.  GaAsP-GaAsSb  and 
GaAsP-GalnAsSb  strained-layer  superlattices 
consisting  of  30  to  SO  periods  have  been  epitaxially 
grown  on  a  GaAs  substrate.  The  total  thickness  of 
the  superiattice  structure,  obtained  from  optical 
examination  on  cleaved  layers,  was  in  the  range  of 
1-1.5  pm.  The  corresponding  thicknesses  of  the 
individual  ternary  or  quaternary  SL  layers  are  in 
the  range  of  150-250  A.  The  period  of  these 
superlattices  has  also  been  deduced  from  the  posi¬ 
tion  of  the  extra  satellite  peaks  [12]  observed  in  the 
X-ray  diffraction  pattern.  In  general,  there  is  rea¬ 


sonably  good  agreement  (  -  10%)  between  the  SL 
periods  obtained  from  X-ray  diffraction  and  from 
the  thickness  of  the  cleaved  layers.  EMP  was  used 
to  determine  the  composition  of  the  superiattice 
layers.  Assuming  equal  layer  thicknesses  in  the  SL 
structure,  EMP  will  give  the  average  composition 
of  the  elements  in  the  SL  structure.  Thus,  values 
obtained  for  the  atomic  fraction  of  In,  Sb  and  P 
from  the  EMP  are  one  half  of  that  actually  present 
in  the  SL  layers. 

Fig.  1  shows  the  X-ray  diffraction  pattern  of 
GaAs0  76  P0  24-Ga0,2  Inoog  AsQ95Sb005  SL  made 
of  30  periods.  The  growth  temperature  is  630  °C 
and  the  growth  time  is  10  s  for  both  the  ternary 
and  the  quaternary  alloy  layers.  The  zero  order 
diffraction,  n  —  0,  gives  the  average  lattice  parame¬ 
ter  of  the  SL  and  is  closely  matched  to  that  of  the 
GaAs  substrate.  The  extra  satellite  peaks  are  due 
to  the  periodicity  of  the  structure,  giving  a  period 


Fig.  1.  X-ray  diffraction  pattern  (400)  of  GaAs074P034- 
Gaon In00t AionSbgo,  SL.  The  n's  show  me  order  of  the 
satellite  peaks  originating  from  the  periodicity  of  the  SL. 
Dotted  arrows  show  Cu  Ka,  peaks. 
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of  300  A  which  is  consistent  with  the  value  ob¬ 
tained  from  the  total  thickness  of  the  SL  structure 
obtained  on  a  cleaved  sample. 

Fig.  2  shows  the  X-ray  diffraction  pattern  for  a 
SL  with  an  alloy  composition  which  is  comparable 
to  that  shown  in  fig.  1  for  both  the  ternary  and  the 
quaternary  alloys;  however,  the  growth  time  per 
layer  is  doubled.  The  extra  satellite  peaks,  in  this 
case,  are  fairly  intense  and  their  intensity  is  com¬ 
parable  to  that  of  the  GaAs  substrate.  The  period 
of  this  structure  is  about  630  A  as  indicated  from 
the  position  of  the  satellite  peaks.  These  satellites 
seem,  to  be  modulating  the  diffraction  patterns  of 
two  broad  peaks  centered  around  65.25°  and 
66.8°.  The  position  of  these  broad  peaks  are  corre¬ 
lated  to  the  composition  of  the  quaternary  layers 
(65.25°)  and  the  ternary  layers  (66.8°).  In  this  SL 
structure  the  thickness  of  the  individual  layers  is 


M.O  95.5  99.0  99.5  97.0 

Diffraction  Angle  20 


Fig.  2.  X-ray  diffraction  pattern  for  fairly  thick  SL  layers.  The 
layers  are  of  the  same  composition  as  that  shown  in  fig.  1.  Zn 
diffusion  has  resulted  in  disordering  of  this  SL  and  thus 
forming  the  GalnAsSbP  quinary  alloy.  The  arrow  A  shows 
quinary  peak. 


greater  then  the  critical  thickness  [4]  A_.  needed  to 
relieve  the  strain  present  between  the  two  layers. 
Thus  part  of  this  strain  is  relieved  by  the  genera¬ 
tion  of  dislocations.  These  dislocations  are  gener¬ 
ated  at  the  interfaces  between  the  successive  layers, 
and  the  broad  peak  can  now  results  from  the 
variation  in  the  ^-spacing  of  the  individual  SL 
layers.  The  presence  of  these  dislocations  at  the 
interfaces  manifests  itself  in  the  very  poor  photo¬ 
luminescence  characteristics  of  this  SL.  We  feel 
that  further  work  is  needed  to  acquire  more  under¬ 
standing  of  such  behavior. 

Zn  diffusion  [2]  into  the  GaAsP-GalnAsSb  SL 
structure  has  resulted  in  the  complete  disordering 
of  the  SL  layers.  For  example,  Zn  diffusion  in  the 
GaAsP-GalnAs,  GaAsP-GaAsSb  and  GaAsP- 
GalnAsSb  superlattices  resulted  in  the  formation 
of  GalnAsP,  GaAsSbP  quaternaries  and  the 
GalnAsSbP  quinary  alloy,  respectively.  Zn  diffu¬ 
sion  was  accomplished  via  the  standard  closed-tube 
technique,  where  the  SL,  ZnAs,  and  InP  were 
heated  for  2  h  at  800  °  C.  X-ray  diffraction  in  fig.  2 
shows  complete  disorder  of  the  SL,  as  indicated  by 
the  disappearance  of  the  satellite  peaks.  The  com¬ 
positions  of  the  homogeneous-disordered  alloys 
were  found  to  be  in  agreement  with  the  values 
obtained  from  EMP.  Detailed  analysis  of  the  vari¬ 
ation  of  the  lattice  constant  and  bandgap  with 
composition  for  the  GalnAsSbP  quinary  alloy  will 
be  reported  [13]. 

5.  GaAsP-GalnAsSb  light  emitting  diode 

An  LED  structure  is  shown  in  figs.  3a  and  3b 
where  the  active  layer  is  made  of  a  GaAs08P0 
In0 ,Ga0,As  SL  and  a  GaAso^PQ,^  ^ln^ og 
As095Sb005  SI,  respectively,  DMZ  and  H;Se  have 
been  used  for  p-type  and  n-type  dopants,  respec¬ 
tively.  Doping  levels  are  in  the  1017/cnr  range  for 
both  electrons  and  holes.  A  p*-GaAs  layer  about 
0.2  j*m  thick  was  grown  on  the  Zn  doped  layers  of 
the  SL  to  facilitate  the  metallization  process.  This 
is  made  possible  because  the  SL  structure  is  closely 
matched  to  the  GaAs  substrate  as  shown  in  fig.  2. 
Device  fabrication  uses  standard  metallization  and 
etching  techniques.  The  emission  spectra  for  these 
LED’s  is  shown  in  fig.  4.  Lifetime  tests  were 
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Fig.  3.  Schematic  of  the  LED  structures:  (a)  GaAsogP02-Ga0,In0  ,As;  (b)  GaAs076P02<-Ga0,2 In00, As0„Sb0  05. 


performed  on  GaAsP- InGaAs  SL  LED’s  at  25  °C, 
and  several  uncoated  diodes  were  aged  under  con¬ 
stant  injection  levels  of  -  20  A/cm2  for  over  200 
h.  We  have  not  observed  any  degradation  in  the 
output  emission  intensity  for  such  operation  time. 
We  have  not  yet  done  any  lifetime  testing  on  the 
GaAsP-  InGaAsSb  SL  LED’s. 

The  emission  spectra  in  fig.  4b  is  fairly  broad, 
which  may  be  because  the  SL  is  not  exactly 
matched  to  the  GaAs  substrate.  This  may  also  be 
due  the  interdiffusion  across  the  interfaces  be¬ 
tween  the  ternary  and  quaternary  alloys.  Such 
interdiffusion  can  be  enhanced  by  the  presence  of 


•000  *400  <400  10400  10600  11000 

Wavolongth  (A) 

Fig.  4.  Emission  spectra:  (a)  for  the  structure  shown  in  fig.  3a; 
(b)  for  the  structure  shown  in  fig.  3b. 


Sb  atoms  in  this  structure. 

The  GaAsP-GalnAsSb  system  can  have  several 
other  potential  applications  such  as  high  electron 
mobility  transistors  (HEMT)  and  high-speed  de¬ 
tectors.  The  multilayered  structure  is  lattice- 
matched  to  the  GaAs  substrate  and  thus  free  from 
lattice  defects.  The  HEMT  can  take  advantage  of 
the  high  mobility  of  the  low-bandgap  material  in 
the  channel  and  also  the  large  band-edge  discon¬ 
tinuity  that  will  offer  better  electron  confinement. 

In  conclusion,  we  have  grown  GalnAsSb 
quaternary  alloy  by  OMCVD.  We  have  also  grown 
superlattice  structures  made  of  ternary- ternary 
and  ternary-quaternary  alloys.  Growth  conditions 
were  adjusted  to  grow  GaAsP-GalnAsP  with  a 
lattice  parameter  that  is  matched  to  the  GaAs 
substrate,  and  LED’s  based  on  this  SL  have  been 
demonstrated.  These  SL  structures  were  dis¬ 
ordered  to  obtain  quaternary  and  quinary  com¬ 
pounds. 
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A  New  GaAsP-InGaAs  Strained-Layer  Super¬ 
lattice  Light-Emitting  Diode 

S.  M.  BEDAIR,  T.  KATSUYAMA.  M.  TIMMONS,  member,  ieee.  and  M.  A.  TISCHLER 


Abstract — The  GaAs ,  _  vPv-lnxGa ,  _<As  superlattice  (SL)  system 
with  y  »  2x  h as  an  average  lattice  constant  equal  to  that  of  GaAs,  thus 
allowing  the  fabrication  of  lattice-matched  strained-layer  double  het¬ 
erostructures.  This  new  system  can  provide  a  large  conduction  band- 
edge  discontinuity  and  higher  electron  mobility  than  the  AIGaAs- 
GaAs  system.  The  strained  layers  and  subsequent  GaAs  layers  epitax¬ 
ially  grown  on  them  were  found  to  be  of  high  quality.  Light-emitting 
diodes  (LED’s),  based  on  this  new  superlattice,  have  been  fabricated 
with  emission  in  the  wavelength  range  0.9-1. 1  m m.  These  LED’s  have 
operated  for  200  h  without  any  degradation  in  the  output  emission 
intensity.  Also  a  dual-wavelength  three-terminal  device  LED  emitting 
near  0.87  and  0.9  nm  has  been  fabricated.  This  is  one  of  the  first 
demonstrations  of  the  potential  applications  of  strained-layer  super¬ 
lattices  (SLS). 

SUPERLATTICE  (SL)  structures  are  of  both  fundamental 
and  technical  interest  and  two  classes  of  superlattices  have 
been  investigated.  In  the  first  class  the  superlattice  layers  have 
lattice  parameters  that  closely  match  those  of  the  substrate, 
such  as  in  the  case  of  the  GaAs-AlGaAs  and  Ino.53Gao.47As- 
InP  systems.  In  the  second  class,  the  strained-layer  superlattice 
(SLS)  [1] ,  the  alternating  layers  have  lattice  parameters  that 
are  different  by  a  significant  amount,  but  the  layers  are  thin 
enough  to  ensure  that  the  lattice  mismatch  is  entirely  accom¬ 
modated  by  elastically  straining  the  layers  without  the  gener¬ 
ation  of  misfit  dislocations.  Examples  of  these  SLS  are  the 
GaAs-InGaAs[2]  and  GaAs-GaAsP systems  [3]  .These  SLS  have 
an  average  lattice  parameter  that  is  different  from  that  of  the 
substrate  such  as  GaAs.  Thus  a  buffer  layer  with  the  appro¬ 
priate  composition  and  lattice  parameter  is  needed  to  provide 
lattice  matching  to  the  SLS.  For  example ,  a  GaAs-In0  2  Ga0 .  s  As 
SL  can  be  grown  on  a  GaAs  substrate  through  an  intermediate 
In0.jGa0  9As  buffer  layer  which  is  not  lattice  matched  to  the 
GaAs  substrate.  This  restriction  may  generate  misfit  disloca¬ 
tion  and  will  not  allow  the  use  of  high  band-gap  material  such 
as  AlGaAs  as  a  confining  or  window  layer  for  double  hetero¬ 
structures  as  needed  for  several  optoelectronic  devices.  Here 
we  present  a  new  SLS  structure  made  in  the  GaAs1_yP;/- 
In,Gat_xAs  ternary  system.  In  such  structures,  with  y  2x, 
and  with  equal  layer  thicknesses  when  grown  directly  on  a 
GaAs  substrate,  the  InGaAs  layers  will  be  under  compression 
whereas  the  GaAsP  layers  will  be  under  tension  and  the  lattice 
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parameter  of  the  SL  layers  will  be  equal  to  that  of  GaAs.  Such 
a  structure  will  thus  allow  the  use  of  GaAs  and  AlGaAs  as  buf¬ 
fer  layers  and  as  confining  layers,  and  all  the  layers  including 
the  SLS  have  the  same  lattice  parameter.  This  structure  can 
have  potential  applications  in  several  electronic  devices  such 
as  high  electron  mobility  transistors,  high-speed  detectors, 
and  light-emitting  diodes  (LED’s)  in  the  long  wavelength 
regions.  This  new  SLS  system  may  have  a  larger  conduction 
band-edge  discontinuity  than  the  AlGaAs-GaAs  system.  This 
would  be  an  advantage  in  field-effect  transistors  where  field 
strength  in  the  channel  may  heat  the  electrons  sufficiently 
to  excite  them  back  into  the  AlGaAs.  It  should  also  be  noted 
that  having  the  potential  well  for  electrons  in  the  InGaAs,  one 
of  the  alloys  with  very  high  electron  mobility,  can  lead  to 
electron  mobilities  higher  than  those  achieved  in  the  AlGaAs- 
GaAs  system. 

We  report  here,  as  an  example  of  the  potential  applications 
of  the  GaAst  _yPy-InxGai  _  x  As  SLS,  the  successful  operation 
of  double  heterostructure  light-emitting  diodes  (DH-LED) 
with  the  active  layer  made  in  the  SLS.  By  varying  the  value  of 
x  and  y  (y  =  2x)  such  an  LED  can  operate  in  the  wavelength 
range  0.87  to  1.59  urn,  corresponding  to  x  -  0  andy  =  1,  re¬ 
spectively,  i.e.,  including  the  ranges  where  minimum  absorp¬ 
tion  in  optical  fibers  is  present,  thus  covering  a  spectral  range 
even  wider  than  can  presently  be  achieved  by  the  InGaAsP/InP 
system.  Also  the  emission  process  in  SLS  takes  place  in  the 
low  band-gap  InGaAs  potential  well,  with  better  carrier  con¬ 
finement,  thus  allowing  a  more  efficient  radiative  recombina¬ 
tion  process. 

The  SLS  structure  has  been  grown  by  OM-CVD  using  TEI, 
TMG,  AsH3,  and  PH3  as  sources  for  the  In,  Ga,  As,  and  P,  re¬ 
spectively.  The  crystal  growth  was  first  calibrated  with  respect 
to  compositions  x  and y  such  thaty  *  2x  for  the  InxGai_xAs 
and  GaAsj.yPy,  respectively.  The  growth  rate,  examined  on 
thick  layers,  was  also  calibrated  to  have  the  same  thickness  for 
the  two  ternary  layers.  A  superlattice  consisting  of  45  layers  of 
Lb  ~  170  A  of  GaAso.gFo.2  barrier  alternating  with  45  layers 
Lz  ~  170  A  of  Ino.1Gao.9As  quantum  wells  was  grown  on  a 
GaAs  substrate.  The  period  (Lz  +  Lb),  of  the  SLS  has  been 
obtained  from  the  X-ray  diffraction  pattern  [4]  shown  in  Fig. 
1.  The  zero-order  diffraction  peak  n  =  0  gives  the  lattice 
parameter  of  the  SLS,  with  a  lattice  mismatch  of  less  than  0.1 
percent  to  the  GaAs  substrate.  The  extra  satellite  peaks  are 
due  to  the  periodicity  of  the  structure  [4j ,  giving  Lz  +  LB  - 
350  A,  which  is  consistent  with  the  value  obtained  from  the 
total  thickness  of  the  SLS  structures  obtained  on  a  cleaved 
sample.  When  Zn  was  used  to  disorder  this  SL  [5] .  the  lattice 
parameter  of  the  disordered  SL,  which  in  this  case  is  an 
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DIFFRACTION  ANGLE  (26) 

Fig.  1.  X  -ray  diffraction  pattern  (400)  of  GaAso  gP0  2-Ino.1GA0.9As 
SLS.  n'i  show  the  order  of  the  satellite  peaks  originating  from  the 
periodicity  of  the  SLS. 
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InGaAsP  quaternary,  was  found  to  correspond  to  the  lattice 
parameter  for  the  n  =  0  peak  shown  in  Fig.  1. 

The  surface  of  the  GaAsP-InGaAs  SLS  does  not  have  any 
lattice  misfit  dislocation  network  or  cross-hatched  structure. 
This  is  in  contrast  to  GaAs-InGaAs  SLS  grown  in  our  labora¬ 
tory  where  a  slight  cross-hatched  structure  has  always  been  ob¬ 
served.  This  cross-hatched  structure  [6]  is  a  result  of  inclined 
dislocations  that  may  have  originated  in  the  ln0  jGao.jAs  buf¬ 
fer  layer  which  is  not  lattice  matched  to  the  GaAs  substrate 
and  which  then  propagates  to  the  GaAs-InGaAs  SLS.  In  order 
to  investigate  the  quality  of  epitaxial  layers  grown  on  SLS,  a 
thick  layer  of  GaAs  (4  *im  thick)  was  deposited  on  the  GaAsP- 
InGaAs  SLS  structure.  Initial  results  indicate  that  etch  pit 
counts  on  this  GaAs  epilayer  are  at  least  as  low  as  those  ob¬ 
tained  when  GaAs  is  grown  directly  on  a  GaAs  substrate.  Thus 
from  the  above  observations  we  can  conclude  that  thd  GaAsP- 
InGaAs  SLS  is  grown  with  a  lattice  parameter  equal  to  that  of 
GaAs,  thus  allowing  the  growth  of  a  multilayer  structure  with¬ 
out  generating  misfit  dislocations. 

An  LED  structure  is  shown  in  Fig.  2,  where  the  active  layer 
is  made  in  the  Ino.2Gao.9As-GaAso.gP0  2  SLS.  DMZ  and 
DET  have  been  used  for  p-  and  n-type  dopants,  respectively. 
Doping  levels  are  in  the  high  10l7/cm3  range  for  both  elec¬ 
trons  and  holes.  Device  fabrication  uses  standard  metallization 
and  etching  techniques  and  the  emission  spectra  are  shown  in 
Fig.  3.  lifetime  tests  were  performed  at  25°C,  and  several  un¬ 
coated  diodes  were  aged  under  constant  injection  levels  ~20 
A/cm2  for  200  h.  We  have  not  observed  any  degradation  in 
the  output  emission  intensity  for  such  operation  time. 

In  order  to  show  the  advantages  of  having  the  SLS  match¬ 
ing  to  GaAs,  an  LED  was  also  fabricated  in  the  GaAs- 
In0.2Ca0.gAs  SLS  with  a  structure  similar  to  that  shown  in 


Fig.  2.  Schematics  of  the  LEO  structures.  The  GaAso  gPo.2~ 
In0.1Gao.9As  SLS  is  made  of  90  layers,  -170  A  thick  each  with 
total  thickness  of  1.5  urn. 


WAVELENGTH  (A) 

Fig.  3.  Emission  spectra  of  LED.  (a)  GaAs0.8Po.2-Ino.  iGa<j  9As 
SLS  active  layer  grown  directly  on  a  GaAs  substrate.  \b)  GaAs- 
Ino.2Gao.9As  SLS  active  layer  grown  on  a  GaAs  substrate  through 
an  intermediate  In0.  ]Ga0.9As  buffer  layer. 


Fig.  2(a)  but  with  the  addition  of  the  ln0  jGa0  9As  buffer 
layer  (7) .  As  shown  in  Fig.  3  the  emission  intensity  of  the 
present  lattice-matched  structure  is  superior  to  that  obtained 
in  the  mismatched  SLS  operated  at  the  same  wavelength 
(~1  Mm)  and  current-injection  level.  A  three-terminal  dual- 
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wavelength  LED  shown  in  Fig.  2(b),  has  also  been  fabricated. 
The  emission  spectra  shows  peaks  at  &.9  and  0.87  nm  resulting 
from  current  injection  across  the  SLS  and  the  GaAs  junction, 
respectively.  Initial  results,  from  our  nonoptimized  structure, 
indicate  that  the  GaAs  LED  has  a  lower  efficiency  than  the 
SLS  one.  mainly  due  to  the  high  series  resistance.  The  useful¬ 
ness  of  the  SLS.  grown  lattice  matched  to  GaAs,  is  apparent 
because  it  allows  the  short  wavelength  LED  to  be  fabricated 
from  material  other  than  GaAs,  such  as  AlGaAs  or  AlGalnP, 
and  still  be  matched  to  GaAs. 

In  conclusion,  the  GaAsj.^P^-In^Gat.^As  SLS  can  be 
grown  lattice-matched  to  GaAs  substrates, thus  allowing  several 
unique  device  structures.  LED’s  manufactured  from  this  SL 
showed  long-term  stability  and  are  superior  to  other  SLS  de¬ 
vices  that  do  not  lattice  match  to  their  substrates.  This  is  one 
of  the  first  demonstrations  of  the  potential  applications  of 
SLS  structures.  Other  SLS  systems  such  as  GaAsP-GaAsSb  and 
GaAsP-lnGaAsSb  can  be  lattice-matched  to  GaAs  substrates 


and  are  presently  under  study  in  our  laboratory  for  possible 
device  applications. 
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